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ABSTRACT
For the purposes of understanding the way in which 
wheat grains are able to withstand forces imposed during 
handling and processing, it is necessary to have some 
knowledge of their load-deformation behaviour. For 
light load conditions it is shown that the grain stresses 
can be analysed on the basis of elasticity theory, 
principally employing the Hertz stress analysis. As the 
loads are increased up to the point of failure, the stress 
distribution is rather complex and difficult to analyse 
theoretically. However, it is demonstrated that, with 
the aid of photoelastic and numerical techniques, it is 
possible to obtain quantitative results which show the 
pattern of the stress distribution within a cross-section 
of grain.
Results of an experimental programme to determine 
the load-deformation characteristics of several Australian 
wheat varieties are presented. Initially, individual 
grains at normal moisture contents have been compressed 
at a constant loading rate in two positions, lying flat 
and on edge; the resulting load-deformation curves have 
shown that two points are of particular interest, the 
proportional limit load and the maximum or fracture load. 
The concept of load index, which is defined as the ratio
of load to specific deformation, is introduced. It is 
shown that both load and load index are correlated to 
Symesf particle size index for each loading position and 
for both the proportional limit and maximum load.
Consideration is also given to the energy required 
to compress grains to their proportional limit and maximum 
load. It is shown that while wide variations occur in 
the amount of energy needed to compress individual grains 
within a sample, the average energy required shows only 
slight variation with Symes’ index.
In the second phase of the experimental work the 
effects of moisture content and loading rate on the load­
deformation characteristics of three widely differing 
varieties is examined; moisture contents have been varied 
from 8 to 20$ (wet basis), while loading rates varied from 
0.25 to UO in./min. It is shown that moisture content 
has a marked effect on the strength properties of the 
three varieties, while the variation in loading rate 
produced little significant difference in the load­
deformation characteristics.
The final phase of the experimental programme is 
concerned with the determination of values for the modulus 
of elasticity and modulus of deformability for grains of
iii
seven different varieties* In these determinations, 
the theoretical aspects employing elasticity theory are 
shown to produce acceptable results.
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P - maximum principal stress
P - compressive force applied to grain
ÇL - minimum principal stress
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the Laplace equation - computer programmes
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x,y - cartesian coordinates
XIX) AD — load on photoelastic bench weight 
carrier - computer programmes
zz — initial value of p+q for computer solution 
of Laplace equation
6 — total deformation of grain for most 
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61 ,62 - local deformation of grain
6’ — total deformation of grain for second 
most stable position of loading
Q angle between line joining top and bottom 
loads, and axis of symmetry for model 
wheat grain
U — Poisson*s ratioibr grain or coefficient 
of friction
M'g - Poisson’s ratio for loading plate
- normal stress at radius r for a cylindrical 
specimen in compression
^x ’̂ y - normal stress components
°yp - yield point stress
r‘'max - maximun shear stress
Xxy - shear stress component
t - non-dimensional constant
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SECTION 1
INTRODUCTION
AND
SURVEY OP THE LITERATURE
2
1.1 INTRODUCTION
Modern developments towards increased mechanization 
in the methods of growing, handling and processing 
agricultural products, have highlighted the importance 
of gaining a better understanding of the physical and 
mechanical properties of the materials involved. 
Researchers (1,2) have emphasised the need for research 
into the physical properties of bulk handled agricultural 
materials; a general coverage of the literature has 
been presented by Arnold and Roberts (3)> while an 
extensive collection of the available knowledge in this 
field has been published by Mohsenin (l|.).
For some years the resistance of agricultural 
products to applied loads (or forces) has been the 
subject of investigation. Attempts have been made to 
measure mechanical and physical properties such as 
hardness, resistance to crushing and indentation of fruits 
and other products. The advances made have been due 
largely to the successful application of engineering 
materials testing technology to agricultural products. 
Information gained from load-deformation tests yields
* Numbers in parenthesis refer to the bibliography.
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a clearer understanding of the mechanical behaviour 
of the product, thus providing the agriculturalist and 
machinery designer with the necessary information relating 
to the successful handling of the product in the field 
and during processing,
Researchers (U-11) have shown that the overall 
elastic-plastic deformation of agricultural products can 
be conveniently explained with the aid of visco-elasticity 
theory. The method employed is one of analogy in which 
the behaviour under load of the product is compared with 
the response of an idealised visco-elastic or rheological 
model.
However, in addition to this type of information, it 
is considered necessary to have some knowledge of the 
stress distributions in loaded products. Such information 
helps to provide an explanation of how the product is able 
to support applied loads as well as serving to explain the 
mechanism of failure.
The programme of research described in this thesis 
falls conveniently into three parts:
(i) a theoretical analysis of the load-deformation 
behaviour of individual wheat grains under 
light load conditions;
(ii) an experimental programme to determine some of
li­
the mechanical and rheological properties of 
a selection of the commonly grown Australian 
wheat varieties; and
(iii) an analysis of the stress distributions
throughout a wheat grain cross-section using 
photoelastic and numerical techniques.
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1.2 REVIEW OF LITERATURE PERTAINING TO THE WHEAT GRAIN
As far as the wheat grain and its mechanical 
properties are concerned, the initial research related 
to the measurement of its "hardness” , a term which Katz 
et al. (12) reported as being widely used to describe 
those properties of grains which are of interest to wheat 
breeders and millers, A number of attempts have been 
made to measure either the hardness of individual grains 
or the average hardness of a collection of grains, 
Generally,these methods can be divided into the following 
groups:
(a) The internal texture of the grain.
A visual assessment of the vitreous versus mealy 
areas of a cut kernel was made by Swanson (13): the 
grain was classified as either vitreous, semi-vitreous 
or mealy.
(b) Indentation methods.
Generally, these methods have used modifications 
of micro-hardness testers developed for the study of 
hardness in metals. Several workers (1 £4.,i 5) used the 
Miag Micro-hardness Tester which is an apparatus 
similar in conception to the Vickers Hardness Tester. 
The size of the indentation provides a relative measure
6
of the hardness of the material, Katz et al. (12) 
modified a Bareol Impressor to make it suitable for 
the hardness testing of wheat grain sections.
Hardness is measured by the distance the spring loaded 
stylus is displaced into its surrounding casing when 
pressed against a test object. One model has been 
produced which is capable of 30 or more independent 
hardness measurements on a single grain cross section.
(c) Grinding and crushing methods.
Several methods of hardness measurement have been 
evolved which either grind or crush the samples.
The Brabender hardness tester, which consists 
essentially of a small burr mill fitted to the 
dynamometer coupling of the Farinograph, has been used 
by Paukner (16) on barley and Milner and Shellenberger 
(17) on wheat. This device measures the torque 
required to drive the mill as a small sample of grain 
is ground. The data is expressed as the energy 
required per milled gram of grain.
Bennett (18 ) devised a machine which crushed the 
grain between an inner and outer crushing wheel. The 
force involved in crushing the grain is sensed as a 
pressure change in an hydraulic cylinder; this pressure
7
change, which is indicated on a gauge, actuates a 
mechanical integrating device and counter. As the 
force required to crush the grain increases, the number 
recorded on the counter also increases. Either the 
counter number or the pressure gauge reading can be 
used as an index of hardness. The machine was tested 
principally with corn; tests made on wheat without 
changing the clearances from those used on corn were 
not satisfactory. However, it is claimed that with 
appropriate adjustments it is possible that wheat also 
could be tested accurately.
A traditional method for measuring the average 
hardness of a sample of grain is the laboratory-scale 
barley pearler. This test was developed for the 
determination of kernel hardness in wheat by Taylor 
et al. (19). Essentially it consists of placing a 
weighed amount of grain in a barley pearler which is 
merely a grinding wheel running in a closed ease.
After the machine has been run for a definite length 
of time, the pearled grain is removed and weighed. It 
has been found that the harder the grain the less the 
amount of material removed during pearling. The test 
is rapid, accurate and requires only a small sample. 
McCluggage (20) investigated some of the factors 
influencing the pearling test for the determination
8
of kernel hardness in wheat and suggested a standard 
procedure to he followed when performing the test.
This method of hardness determination has also been 
used by several other workers (21,22)*
The granularity of the whole meal produced when 
a sample of grain is ground has also been used as an 
index of hardness* In Australia this work was 
pioneered by Symes (23) who describes fully the work 
of earlier researchers (2^-33) who used similar 
techniques. The current method for determining Symes’ 
particle size index is described in a recent paper (3k); 
since extensive use is made of his results in this 
present work, the method is reproduced in Appendix 5> 
together with a photograph of the equipment used.
(d) Grain loading techniques.
In 1910 Roberts (35) reported the development of 
a testing machine in which the wheat kernel was crushed 
by weighing an arm with an increasing load The weight 
required to crush the grain was taken as an index of 
grain hardness. The test was modified in Russia and 
other European countries by redesigning the equipment 
(36) so that several grains could be tested at once.
One of the most extensive investigations of the 
mechanical properties of wheat grains is that reported
toy Shpolyanskaya (10). She studied the mechanical 
properties of whole grains toy modifying a latooratory 
impact tester to make it suitable for compression 
tests with static and variable rate loading* The 
load-deformation characteristics for two varieties, 
G-ordeiforra 10 and Lyutestsens 62, are presented, 
together with a method of determining the modulus of 
elasticity of a wheat grain which employs the Hertz 
stress analysis and an estimated value of Poisson’s 
ratio.
Work on the single wheat grain was also performed 
toy Zoerto (5). He developed a compression testing 
machine which enabled the grain to toe loaded at three 
different loading rates (0.0777 in./min., 0.2666 in./min. 
0.U667 in./min.). The modulus of elasticity was 
determined from load-deformation tests on grain cores. 
Tests were performed over a range of moisture contents 
(16.1 to 27.h% d.to.) and it is shown that moisture 
content has the greatest influence on the strength 
properties of the grain.
Bilanski (37) tested five common grains (including 
wheat) under three different loading conditions and at 
various moisture contents ranging from 1$ to 18$ 
(measured with a Urown-Duval moisture tester), The
10
three loading conditions closely simulate those to 
which grains are subjected during actual harvesting; 
these loading conditions were:
(i) loir-velocity loading, obtained by applying a 
load gradually;
(ii) medium-velocity loading, obtained by striking 
the grain with a pendulum; and
(iii) high-velocity loading, obtained by dropping 
the grain into the path of a rotating paddle 
wheel.
For wheat, it is shown that moisture content and 
grain position both influence its breaking strength.
The resistance to damage by impact of two wheat 
varieties (Koga 11 and Cappelle Desprez) has been 
investigated by Mitchell and Rounthwaite (38). Their 
results show that whereas Koga 11 is more resistant to 
breakage than Cappelle Desprez, it is at the lower 
levels of moisture that breakage is highest and at the 
higher levels that germination is most adversely 
affected.
Shpolyanskaya*s (10) application of the Hertz 
stress analysis to the determination of modulus of 
elasticity of wheat grains has been refined by Arnold
FIG I
FIG I -  LOADING POSITIONS
FOR INDIVIDUAL WHEAT GRAINS
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and Roberts (39). Shpolyanskaya made three principal 
simplifications: firstly, the grain is considered as a 
sphere of diameter equal to the grain width; secondly, 
for a grain loaded as shown in Pig. 1(a), the local 
deformation for contact with the lower plate is 
considered negligibly small and the total deformation 
of the grain is taken to be equal to the deformation 
at the upper plate; thirdly, Poisson’s ratio for wheat 
is taken to be 0.3. Arnold and Roberts considered the 
latter simplification reasonable but regarded the first 
two as invalid even for approximation purposes. It is 
shown that the modulus of elasticity determined on the 
basis of Shpolyanskaya’s simplifications is substantially 
different from that obtained from a more rigorous 
analysis which takes the actual grain shape and both 
top and bottom localized deformations into account.
The most recent work on individual wheat grains is 
that reported by Shelef and Mohsenin (UO). The 
mechanical properties of Seneca wheat grains subjected 
to uniaxial compression were studied using an Instron 
testing machine. Whole grains were loaded by means of 
parallel plates, a spherical indenter and a cylindrical 
indenter; core specimens were also compressed between 
parallel plates. Use was made of the Hertz and
12
Boussinesq. theories and Hooke1 s Law to allow 
determinations of the apparent modulus of elasticity 
for Seneca wheat at 9.1$ moisture content (wet Basis);
cfour values were obtained ranging from 1.6x1CK to 
8.3x10^ p. s.i.
Full details of the theories concerning the 
load-deformation characteristics of individual wheat 
grains, which have been developed by Shpolyanskaya (10), 
Shelef and Mohsenin (UO) and Arnold and Roberts (39) 
are given in Section 2 of this thesis.
SECTION 2
THEORETICAL CONSIDERATIONS
Fundamental Aspects of the Load-Deformation 
Behaviour of Wheat Grains
1U
2.1 GENERAL
The elastic properties of a material are of 
importance especially from the point of view of specifying 
the loads which the material can safely sustain; in 
particular, a knowledge of the elastic modulus allows 
comparisons of the relative strengths of various materials 
to he made. However, it should he emphasised that for 
granular materials being treated as discrete particles, 
the elastic modulus does not have the same application 
to design that it does for conventional engineering 
materials.
Owing to the complex shape of most agricultural 
products and their associated complex structure, the 
determination of a reliable elastic modulus presents a 
number of problems. However, as several researchers have 
demonstrated, these problems can be overcome, to a certain 
extent, using methods based on elasticity theory.
For agricultural products of larger physical size, 
such as apples or potatoes, an elastic modulus for a known 
or assumed Poisson’s ratio may be determined using a 
plunger apparatus of the type designed by Mohsenin (U1); 
the plunger diameter in such cases is much smaller than 
the effective diameter of the product. Timoshenko and
15
Goodier (k2) present an expanded form of the Boussinesq 
analysis of the elastic behaviour of a semi-infinite 
isotropic material when loaded by a rigid punch. As 
demonstrated by Finney (8) and later by Timbers et al.
(i*3) , the plunger type load test is analogous to the punch 
problem and an elastic modulus of certain agricultural 
products may be obtained by making due allowance for the 
stress distribution over the small loading area.
Preliminary considerations indicated that the punch 
analysis would not be readily applicable to the testing of 
wheat grains due mainly to the small size of the grains; 
the assumption of a semi-infinite material would seem to 
require a punch too small in diameter, thus leading to 
practical difficulties in the application of the test.
Zoerb (5) attempted punch tests on wheat grains employing 
a 0.0625 in. dia. punch. It was found that the punch 
tended to crush the entire kernel and as a result the tests 
were generally unsatisfactory. However, Shelef and 
Mohsenin (lj.0) have recently reported figures for the 
modulus of elasticity of wheat grains determined using a 
cylindrical indenter of 0 .0 1 6 in. dia.; details of their 
method will be presented later in this section.
The simulation of the type of loading conditions on
16
wheat grains whieh could possibly he encountered in 
practice, requires consideration of three different 
loading configurations* These configurations may be 
classified in decreasing order of stability, that is, 
lying flat, on edge or on end.
For each configuration the grain can be loaded in 
compression between two flat rigid surfaces. As a result 
of this loading, stress concentrations occur at the 
points of load contact and some allowance must be made for 
these stresses and accompanying localised deformations 
when analysing the elastic behaviour of the grain. The 
jbype of stress distribution obtained for this situation 
is typical of that obtained for two spherical elastic 
bodies in contact and can be readily analysed on the basis 
of the Hertz stress theory.
In the development of the Hertz theory the following 
assumptions were made:
(a) the materials in contact are homogeneous, isotropic 
and elastic;
(b) the loads applied are static;
(c) the bodies are assumed to be serai-infinite;
(d) the contacting surfaces are smooth, thereby 
eliminating tangential frictional forces; and 
the radii of curvature of the contacting bodies(e)
17
are large compared with the radius of the boundary 
of the surface of contact.
While wheat grains do not completely satisfy the 
above requirements, it will be shown in Section 3.5 that 
the Hertz theory provides a satisfactory explanation of 
the contact stresses induced in a wheat grain when 
subjected to compressive forces.
18
2.2 APPLICATION OF THE HERTZ THEORY
The application of the Hertz, theory to the testing 
of agricultural products has been discussed briefly by 
Mohsenin (2), while the method has been applied in much 
greater detail, by Shpolyanskaya (10) and Shelef and 
Mohsenin (Lj.0) , to the testing of wheat. Shpolyanskaya 
made three principal simplifications; firstly, the grain 
is considered as a sphere of diameter equal to the grain 
width; secondly, the local deformation for contact with 
the lower plate is considered negligibly small and the 
total deformation of the grain is taken to be equal to the 
deformation at the upper plate; thirdly, Poisson1s ratio 
for wheat is taken to be 0.3. While the latter 
simplification (i.e. p. = 0.3) is considered reasonable, 
microscopic observations of loaded grains show that the 
first two simplifications are not valid even for 
approximation purposes. The modulus of elasticity 
determined on the basis of these simplifications is 
substantially different from that obtained from a more 
rigorous analysis which takes the actual shape of the 
grain and both top and bottom localised deformations into 
account.
Arnold and Roberts (39) have shown that the Hertz
19
theory may he extended to cover the case of a wheat grain 
compressed between two parallel plates if it is assumed 
that the material is isotropic and elastic and the contact 
surfaces are spherical.
Consider the wheat grain loaded in its most stable 
position as shown in Fig. 1(a). The radii and R2 are 
assumed spherical and the grain cross-section is assumed 
to be symmetrical about a vertical axis through the crease. 
The application of the compressive load P induces circular 
contact surfaces between the grain and the plates.
For the top contact surface the radius is given by
which becomes
3/p E. * (1-n2)'
i\j «  0 .9 0 8  J -----■*—------------  2 .1
where t is a non-dimensional quantity relating the elastic 
properties of the grain and the loading plate.
t is given by the following expression
20
t = 1 Q-ffi B
(1-lx2) Es
2.2
Similarly, it can "be shown that the radius of each 
■bottom contact surface is given by
r2 = 0.721
31 P R 2 t [1-M2)
E 2.3
While it would be exceedingly difficult to measure 
each localised deformation due to the individual contacts 
at the top and bottom plates, the total deformation of the 
grain is readily obtained from the load-deformation test. 
For light load conditions it can be assumed that the total 
deformation is equal to the sum of the top and bottom 
localised deformations.
Again from the Hertz theory, the localised 
deformation 6̂  for contact with the top plate is given by
Ô
319 p2 *2 (1 -u2) 2
16 E2 R.
2 . 1+
Similarly, for contact with the bottom plate
FIG  2
( a ) ( b > Cc>
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FIG 2 -  TH EO R ETIC A L LO A D -D EFO R M A TIO N  CURVES FOR
THE ELASTIC RANGE.
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62
.2 .,.2 2x29 P* ** (1-fT)
6h HT R,
2.5
Hence the total deformation ô is given hy
6 = Ô1 + ô2
= 3 b p2 *2 ( w 2)2 
J  16 B2
2 .6
where
R 1E R. ijR,
or rewriting, the modulus of elasticity is given by
E 2.7
1
Fig. 2 (a), (b), (c) shows the effect of respective 
changes in E, ¡j, and R^ on the load-deformation curve 
obtained from equation 2.6. In plotting these graphs it 
has been assumed that R.J = 2R^ in all cases; measurements 
from microscopic photographs of grains indicate that these 
are reasonable proportions. Both Zoerb and Shpolyanskaya 
have shown that moisture content has a marked effect on 
the elastic properties, and the E values plotted in
22
Fig. 2 (a) represent the range of expected values.
The computed values used to plot the graphs are 
based on steel loading plates. In view of the fact that 
thè expected E values for wheat are much less than the Es
value for steel, the value of the non-dimensional constant, 
can be taken to be unity. It will be noted in 
Section 3 when examining the typical experimental load­
deformation curves, that these theoretical graphs 
accurately predict the curvature which is exhibited in 
the initial part of the actual curves.
The grain loaded in its second most stable position, 
as shown in Fig. 1 (b), is also considered to be of 
importance. In a similar way to the previous analysis it 
can be shown that the total deformation is given by
From a theoretical point of view, the on end 
position of loading is worthy of consideration as it 
represents the third most stable grain position; however, 
the complexity of the grain shape in this direction, 
which precludes an accurate assessment of the principal 
radii being made, renders this loading configuration
16 B2 R,
H2 (1-fx2)22 2 .8
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unsuitable to the foregoing type of analysis. From a 
practical point of view, it was found virtually impossible 
to load grains in this position in the Rheological Testing 
Machine (Plate 1 ) as their instability caused them to roll 
while being compressed. This would indicate that, in 
practice, it is extremely unlikely that individual grains 
would be subject to compressive forces while in this 
on end position.
Recently, a further application of the Hertz theory, 
to allow the determination of a modulus of elasticity of 
wheat grains, has been demonstrated by Shelef and Mohsenin 
(£4.0). Whole grains were compressed between parallel 
plates or loaded with a smooth spherical indenter; for 
each case the grain was fixed, crease side down, to a 
metal plate by means of a thin layer of f,Du Pont Duco” 
cement to prevent movement during testing. Although not 
mentioned specifically, it was probably considered that 
the cement used to fix the grains to the lower plate 
caused the deformations at that surface to be negligible.
The following expressions, based on the Hertz theory, 
were proposed for the modulus of elasticity.
(a) Compression between parallel plates
2 b
E 0.338 K*1 P * (1-n2)
R1 Ri
2.9
where
5 
K
P
♦
M-
6
modulus of elasticity
factor depending on the geometric properties
of the contacting hodies (i+lj.)
compressive force applied to grain
non-dimensional constant relating elastic
properties of the grain and loading plate
Poisson*s ratio
total grain deformation
principal radii of grain at the contact
surface.
(b) Compression by a spherical indenter of diameter, d
w = 0.338 K3/lP * (1-tx2)
In the case of compression between parallel plates, 
it is felt that the deformations at both the top and 
bottom loading surfaces need to be considered. For these
1 1 Lj.+ +
R Ri
2.10
Note: Actually ^ was taken to be unity and omitted.
FIG  3
FIG 3 - DESIGNATION O F THE PRINCIPAL 
RADII OF CURVATURE FOR A WHEAT GRAIN.
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conditions the equation for the modulus of elasticity 
becomes
E =_ 0.338 P * (1-n2) K, 1
R.
1
R1
/i 1 A
+  K2 -  + -
3/S2.
2.11
R, ®2
The principal radii for a wheat grain are illustrated 
in Pig. 3.
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2.3 COMPARISON OP THE VARIOUS EXPRESSIONS FOR E BASED 
OH COMPRESSION BETWEEN PARALLEL PLATES.
fo facilitate a comparison of the various expressions 
for the determination of a modulus of elasticity based on 
the Hertz theory and compression between parallel plates, 
it is expedient to make the following assumptions 
concerning the dimensions of a "typical" wheat grain.
L = 2 H (Observed from the experiments of Section 3)
R. = —  (Shelef and Mohsenin (1*0))1 2
H2 . i 2
R! -------it (Shelef and Mohsenin (UO))
1 2H
= H
R2 2 k
R ’ = 2 Rj as 2 H
On the basis of these proportions the various 
expressions for E become
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Source Expression Remarks
Shpolyanskaya
(10) B „ 1.061 P ii (1-u2) 
b/l
Assuming p. / 0.3 
Grain a sphere - 
deformations at top 
plate only.
Shelef and 
Mohsenin (ij.0)
F 0.886 P * (1-m2) 
Eqn. 2.9
Non-spherical radii 
- Deformations at 
top plate only.
Arnold and 
Roberts (39)
F 2.5W+ P * (1-tx2) 
Eqn. 2.7
Spherical radii - 
deformations at top 
and bottom plates.
Equation 2.11 F _ 1.778 P * (1-jx2) 
6* H*
lon-spherical radii 
- deformations at 
top and bottom 
plates.
As can readily toe seen from the atoove table, all the 
expressions for E reduce to the same form, the only 
variation toeing in the constant at the “beginning of each 
equation* In the light of the assumptions made in the 
derivation of these four expressions, the equations due to 
Shpolyanskaya and Arnold and Roberts, which consider the 
contact surfaces to toe spherical, are not as precise as 
the remaining two expressions (equations 2.9 and 2.1 1 )
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which take the actual grain geometry into consideration.
The constant in equation 2,9 is considerably less than 
the corresponding constant in equation 2.1 1 , nevertheless, 
the two expressions are equivalent provided that, in the 
application of equation 2 .9f precautions are taken in the 
test procedure to ensure that grain deformation at the 
bottom plate is prevented.
Tests were conducted to verify the equivalence of 
equations 2.9 and 2 .1 1 . Twenty grains of the variety 
Falcon (at 1 1 .5# moisture content) were compressed in 
the Rheological Testing Machine (Plate 1) at a loading 
rate of 0.26 in./min.; 10 of the grains were glued to 
the bottom loading plate with a quantity of P.V.A. 
adhesive, while the remaining 10 grains were not fixed. 
Utilising the assumptions made concerning the geometry 
of the "typical wheat grain”, equation 2.9 produced a 
value for E of 2 . 1 0 (1 -pi2) x 10"* p.s.i. (Standard Deviation 
2 2.7$) for the constrained grains, while equation 2 . 1 1  
produced the value 2.31 (1 — |x ) x 10^ p.s.i. (Standard 
Deviation 31.8$) for the unconstrained grains. Even 
though the two values for E are almost identical, the 
test procedure associated with the application of equation 
2 . 1 1 is considered to be the more accurate and easier to 
apply.
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2 .U OTHER METHODS PROPOSED FOR THE DETERMINATION OP
MODULUS OF ELASTICITY,
(si) Uniaxial Compression using a Cylindrical 
Indenter.
Shelef and Mohsenin (LfO) have also determined a 
modulus of elasticity for wheat grains hy subjecting 
whole grains to concentrated compressive loads produced 
hy a cylindrical indentar of 0.016 in. diameter.
Applying the Boussinesq analysis of the behaviour 
of a semi-infinite isotropic material when loaded by a 
rigid punch (i+2) , it can be shown that the modulus of 
elasticity of the compressed material is given by
E = ) 2.12
d Ó
where d = the dtamèier of the indenter.
(b) Uniaxial Compression of Grain Gores between 
Parallel Plates.
Both Zoerb (5) and Shelef and Mohsenin (UO) have 
determined a modulus of elasticity for wheat by compressing 
grain cores between parallel plates 5 the cores were 
prepared by cutting the ends off individual grains.
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E was determined from the expression
S = stress - P H 2.13Strain 6 A
It should he pointed out that wheat grain cores 
generally have a height/width ratio less than unity, 
while the normal practice for engineering materials is 
to keep this ratio above 2 for general purposes and up 
to 10 when determining modulus of elasticity (56).
These higher ratios are used to make strain measurements 
more exact and to minimise the effect of the frictional 
forces induced between the ends of the specimen and the 
loading plates; these frictional forces have the effect 
of increasing the apparent compressive strength of the 
material being tested.
A theoretical analysis (57) of a short homogeneous 
cylinder subjected to axial compression reveals that the 
normal stress required to initiate plastic flow is given 
by
2n(r0-r)/ii
2 . 11+
where <t, - normal stress at radius r
cr, material yield point stress
ro - radius of the cylinder
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E - cylinder height
p - coefficient of friction at the material/ 
loading plate interface.
Examination of equation 2.1U shows that the stress 
distribution over the cross-section of the cylinder is not 
a constant value as assumed in equation 2.1 3 , hut varies 
exponentially from a minimum value of <r around the
v Jr
circumference, to a maximum value at the centre of
2mPq/H<K = <r e °1 max yp 2.15
Experimental evidence is available (57) which is in 
qualitative agreement with these analytical relationships 
showing that a decrease in the height/width ratio results 
in an upshift in the stress-strain curve for the plastic 
range. However, the evidence also suggests that the 
height/width ratio has a negligible effect on the stress- 
strain curves for th@ elastic range indicating that the 
low values of H/W for the grain cores does not invalidate 
this compression method for the determination of a modulus 
of elasticity.
It should also be noted that the grain cores do not
have a constant cross-sectional area throughout their
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entire length; the samples are initially barrel-shaped, 
In this thesis the cross-sectional area has been taken as 
that of the sample end rather than the greater area of 
the centre section.
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2.5 SUMMARY.
From this section it can he' seen that there are 
several possible methods, all based on elasticity theory, 
which can be employed to determine a modulus of elasticity 
for wheat grains. It will be shown in Section 3.5 that 
each approach produces values for E of the same order of 
magnitude. Because of the complexity of the material 
being considered it is difficult to ascertain which of 
the methods produces the most reliable results. However, 
from a materials handling point of view, it is felt that 
the methods employing whole grains are to be preferred to 
the method using cores; of the whole grain methods it 
would be expected that the most comprehensive approach 
using equation 2 . 1 1 should produce the most accurate 
results.
SECTION 3
EXPERIMENTAL PROGRAMME
Determination of Load-Deformation Properties 
of Australian Wheat Varieties
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3»1 INTRODUCTORY REMARKS.
The experimental work undertaken for this thesis 
falls conveniently into three parts, namely, the effect 
of variety on load-deformation characteristics, the effect 
of moisture content and loading rate on load-deformation 
characteristics, and the determination of the modulus of 
elasticity for wheat grains.
For Part 1, individual grains of 17 different 
varieties, at normal moisture contents, have “been 
compressed at a constant rate of loading in two positions, 
lying flat and on edge.
In Part 2 the effects of moisture content and 
loading rate on load-deformation characteristics of three 
widely differing varieties are examined.
Part 3 is concerned with the determination of values 
for the modulus of elasticity and modulus of deformahility 
for grains of seven different varieties. In these 
determinations the theoretical expressions employing 
elasticity theory, which have been developed in Section 2, 
are applied.
P L A T E  I-R H E O L O G IC A L  T E S T IN G  M A C H IN E  & A S S O C IA T E D  IN S T R U M E N T A T IO N
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3.2 THE TESTING- EQUIPMENT.
For the three phases of the experimental programme, 
a Rheological Testing Machine of the type developed hy 
Mohsenin (U1) has been used to load the individual grains. 
A photograph of this machine, together with the associated 
instrumentation, is shown in Plate (l). The rheological 
testing equipment was "built by Testing Machines Inc*, 
Mineola, L.I., N.Y., U.S.A., to the specifications laid 
down by Mohsenin in Plan 3 of Bulletin 701 (U1)*
Basically, the machine is a precision, low-range 
compression tester designed specifically to measure the 
mechanical and rheological properties of agricultural 
products. Essentially, there are three basic components:
(i) the loading apparatus;
(ii) the load and deformation sensing elements and 
associated electronic instrumentation; and
(iii) the recording instrument.
The loading apparatus consists of a 2 1/2 in. dia. 
x 2 in. stroke double acting air cylinder with adjustable 
hydraulic valves to control the ram velocity in both 
directions* The speed of the ram and hence the rate of 
loading, is continuously variable from zero to over 
¿*0 in./min. The load applied to the grain and the
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resulting grain deformation are measured using electric 
resistance strain gauges fixed to deflecting beams. The 
change in resistance of the strain gauges which is 
proportional to the change in beam load and deflection, 
is detected by a special measuring bridge.
For the initial phase of the experimental work, 
which was performed at the constant loading rate of 
0.26 in./min., the output of the measuring bridge for the 
load beam was fed to the Y terminals of the Moseley type 
2D X-Y recorder, while the measuring bridge output for 
the deflection beam was fed to the X terminals of the 
recorder via a Dymec model 2I4.6OA D.C. amplifier. It 
was found necessary to use the Dymec amplifier, which has 
a maximum amplification of 1 ,000 x, to improve the 
deflection beam signal for wheat testing where comparatively 
small deformations are involved, compared with the apple 
testing for which the machine was initially designed.
For the low rates of loading, the load beam was calibrated 
using a compression spring of known rate, while the 
deflection beam was calibrated using a dial indicator.
The loading rate was set using a stop-watch to time the 
plunger movement over a known interval of distance.
In the second phase of the experimental work, 
loading rates from 0.25 in./min. to lj.0 in./min. were used.
FIG  4
T c  m e a s u r e  S p e e d  : ( j )  M e a s u r e  d i s t a n c e  T\  -  m s .
( 2 )  m e a  S u r e  d i s t o n c G  t  -  S e c s .
(3) Speed V t= -9yjt - in I sec.
FIG 4 -D E V IC E  USED T O  M E A S U R E  T H E  C R O S S -H E A D  S P E E D  
O F T H E  R H E O L O G IC A L  T E S T IN G  M A C H IN E  A T
H IG H E R  L O A D IN G  R A TE S .
Hates above about 0.5 in./min. proved too high for the 
Moseley X-Y recorder; for this reason a Tektronix 
Storage Cathode Ray Oscilloscope (OHO) Type 56U, fitted 
with two Tektronix Type 3066 Carrier Amplifiers, was used 
to record the load-deformation curves. Records of the 
stored traces were obtained with the aid of a Tektronix 
C-12 Camera, fitted with a Polaroid Land Pack-Film Back 
and fixed to the CRO screen.
At the higher loading rates it was impossible to 
measure the cross-head speed using the stop-watch and dial 
indicator. Instead, the simple device sketched in Fig. if- 
was used to provide an accurate determination of cross­
head speed. As can be seen from this figure, the Carrier 
Amplifier Plug-in for the X plates of the CRO was replaced 
by a Type 3B3 Time Base Plug-in. The plunger on the 
Rheological Testing Machine was made to produce a pulse on 
the screen of the Storage CRO as it touched the thin wire 
at the commencement of its travel and when it contacted 
the thin foil at the end. Knowledge of the distance 
travelled, h, and the time between the pulses, t, allowed 
the cross-head speed, V, to be determined from
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3*3 EFFECT Off VARIETY OH LOAD-DEFORMATION
CHARACTERISTICS *
General
An examination of the literature reveals that no 
attempt has been made to determine how the mechanical 
properties of wheat grains vary from one variety to 
another, for the same conditions of loading and moisture 
content* Zoerb (5) examined only ”soft red winter” 
wheat, Bilansls:i(37) conducted tests on the winter variety 
Genesee, Shelef and Mohsenin (i+0) were concerned only 
with the variety Seneca, while Shpolyanskaya (10) examined 
the two varieties Lyutestsens 62 and Gordeiform 10. In 
general, there has been a tendency to consider any such 
results to represent all the varieties of wheat, even for 
all conditions of moisture content and loading rate* 
However, even such a crude test as biting grains, indicates 
that mechanical strength varies with variety.
In Australia, Symes (23) has established a simple 
and accurate test for determining the granularity of wheat 
wholemeal. Ten grams of wheat are ground and sieved for 
ten minutes; the amount passing through the sieve is 
expressed as a percentage of the original sample and 
recorded as the particle size index. This index is shown
Uo
to have a varietal character. In a farther article (3i+) 
Syraes demonstrates the simple inheritance of grain 
hardness (as measured by the particle size index); it is 
shown that the difference in particle size index between 
a hard wheat (Falcon) and a soft wheat (Heron) is due to 
a single major gene.
In this phase of the experimental work it is 
demonstrated that the load-deformation behaviour of 
several commonly grown Australian wheats varies with Symes' 
particle size index. This indicates that load—deformation 
properties are characterised by variety.
The Testing Programme
Experimental testing of individual grains of various 
varieties of Australian wheats commenced with samples from 
the 196U/65 harvest obtained from the Division of Science 
Services, H.S.W. Department of Agriculture. Further 
samples from the 1965/66 harvest were obtained from the 
Temora Agricultural Research Station and tested. Details 
of all the samples are given in Tables A1 and A2 . Some 
breeding and other information on the varieties tested is 
given in Appendix h.
* Tables pertaining to Section 3 are given in Appendix 2.
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FIG 5 -  TYPICAL LOAD-DEFORMATION GRAPHS
m
Load-deformation tests were performed for the two 
loading configurations ”lying flat” and ”on edge” , as 
illustrated in Fig. 1. The moisture content range of the 
grain was 11 to 13$ (as measured with a Marconi moisture 
meter) and the loading rate approximately 0.26 in./min.
This speed was chosen as it approximates to Zoerb's ( 5) 
medium testing speed of 0.2666 in./min. Typical load­
deformation curves are sketched in Fig. 5> while Plate 2 
presents actual curves for three typical varieties.
These photographs were taken using the Tektronix GRO and 
Polaroid Camera described in Section 3*2.
Two points on these graphs which are considered to he 
of particular significance, are the proportional limit load 
and the maximum or fracture load. These points are 
indicated on Fig. 5* The values of the load and the ratio 
of load to specific deformation (load index) at both these 
points have been determined. In general, each test has been 
repeated 10 times, although, it will be observed that for 
some of the earlier testing work up to 18 determinations 
were made. All the results have been processed using the 
IBM 1620 60K computer at Wollongong University College.
These results are summarised in Tables A3 and ALf., and a 
typical computer output, showing the details for one 
variety, given in Appendix 6. It will be noted that Table 
A3 summarises the load and load index values, together with
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PLATE 2 - ACTUAL LOAD-DEFORMATION CURVES FOR
THREE TYPICAL VARIETIES.
Left to right - Falcon, Gamenya, Heron
Moisture content - 11*8^ 
Loading rate - 0.26 in./min.
U3
the relevant statistics, for each individual sample, while 
Table At*. presents the mean results for each variety for 
which a value of Symes’ particle size index (23, U5, and 
Appendix 5) was known. It will be noted that several 
samples of Mendos and Olympic A103 are included in Table A3 
but, as Symes1 index has not been determined for these 
varieties, they have not been included in Table Alu
To allow the variation of load and load index with 
variety to be assessed, these values have been plotted 
using Symes’particle size index for each variety as the 
Mindependent” variable; the value of Symes’ index (U5) for 
each variety is given in Table Alu Regression equations, 
together with a test for correlation and an analysis of 
variance test for linearity (i*6, hi 9 U8), have been 
calculated using the computer. These results are summar­
ised in Tables A5 and A6 and the equations plotted in 
Graphs 1 to 2U*.
Values of pearling index (19) were determined for the 
1965/66 samples by grinding 10 gram samples in a Strong- 
Scott Barley Pearler for one minute; these figures are 
given in Table A7. Linear regression equations of load 
and load index on pearling index, together with tests for
#These Graphs are presented in Appendix 3*
correlation and linearity, have been calculated. These 
results have been summarised in Tables A8 and A9 and the 
equations plotted in Graphs 25 and 26.
Discussion of Results.
Inspection of Graphs 1 to 2k reveals that both load 
and load index vary significantly with Symes1 particle 
size index, and hence with variety, for both the proport­
ional limit load and maximum load and for both loading 
positions. Reference to tables of Student1s T shows that 
the linear correlation coefficients presented are signif­
icant at the 0.1'$ level in 96% of all cases.
However, the analysis of variance test for linearity 
shows that only for the case of load index versus Symes1 
index for the flat position and proportional limit load 
with Dural omitted, does the linear regression equation 
provide a significant measure of the relationship between 
the variables plotted. Pitting of higher order poly­
nomials (up to the fifth order) to the data was performed 
but rejected when the overall improvement was only slight. 
The value of Symes’ index for some varieties has only 
been determined using one collection while others have 
been determined from up to seven collections. In order 
to ascertain whether the number of determinations had any 
effect on the results, regression equations were calculated
U5
for those varieties for which Symes1 index has been 
determined from five collections or more. In some cases 
a slight improvement resulted while in others a less 
acceptable result was obtained. Similar significant results 
were obtained from the regression analysis of load and 
load index versus pearling index.
It is felt that the edge position is less reliable 
than the flat position due to the difficulty of maintaining 
the correct orientation when loading the grain; the grain 
frequently slips when the load is being applied. The fact 
that, in this position, the plane of the crease is 
perpendicular to the direction of loading must have some 
influence on the deformation characteristics and, hence, 
on the load index value of the grain. For the flat 
position the main difficulty encountered was the tendency 
for some varieties (for example, Gabo) to roll slightly 
when the load is first applied. However, this character­
istic generally exhibits itself in the initial part of the 
load-deformation curve and, to a large degree, can be 
allowed for when selecting the origin. It is expected 
that the results for the maximum load point should be less 
reliable than the proportional limit point especially for 
the softer wheats since, in many cases, it is not clear- 
cut from the curve the point at which the grain failed.
For the harder wheats the grain simply shatters, but as
the grains become softer they tend to be squashed flat 
rather than break up.
Zoerb (5) observed that the load a grain can sustain 
in the edge position is substantially the same as the 
load it can sustain in the flat position. On the basis 
of the results presented here, it is evident that this 
observation needs some qualification when applied to 
Australian wheat varieties. Inspection of the load 
versus Symesf index regression lines shows that the 
proportional limit loads for the flat and edge positions 
are roughly the same but, in general, the maximum loads 
for the edge position are significantly greater than they 
are for the flat position. On the other hand, the overall 
results for load index indicate that the flat and edge 
positions produce similar results.
Comparison of the results obtained with the 196U/65 
harvest samples with those for the 1965/66 harvest reveals 
that, in general, the load and load index results for the 
latter group are less than those for the former. This 
would indicate that the area where the varieties are 
grown has a significant influence; the 196U/65 samples 
were from the northern areas of the State of New South 
Wales, while the 1965/66 samples were from the southern 
areas of the same State. This inference is substantiated
hi
further when the 1965/66 samples are examined more closely. 
The twenty samples came from four different groups, three 
of which were grown at Teraora and one at Moombooldool, 60 
miles west of Temora. The soil type at Temora is a red­
brown earth of clayey-loam texture, while Moombooldool is 
on sandy mallee country# Examination of Graphs 27 to 31 
shows that both load index and pearling index gave 
reasonably similar results for the Temora plots, but the 
Moombooldool plot gave significantly lower values.
It is interesting to note the results obtained for 
the regression equations for load and load index versus 
Byrnes* index for the 196U/65 varieties 200 to 206, which 
were all grown in the one trial. The F ratios obtained 
from the linearity test indicate linear relationships 
which are significant for all the variations considered.
It is considered desirable to obtain further single trial 
samples of varieties representing a wide range of Symes* 
index values to see if the assumption of a linear relation­
ship between load and Byrnesf index, and load index and 
Byrnes* index is consistently valid when other influences 
such as soil type, ground preparation, sowing time and 
weather conditions, are held constant.
The concept of load index is useful when considering 
the ability of a particular wheat variety to resist
k8
mechanical damage. Grain damage can he caused in several 
ways, hut as far as mechanical handling equipment is 
concerned, damage is caused either hy an applied force as, 
for example, in the heater drum of a harvester, or hy an 
applied deformation as, for example, when a grain is 
forced through the fixed clearances of an auger with 
hearings at each end of the flight. Grains with a high 
load index (hard grains) generally can resist higher loads 
hut lesser deformations than grains with a low lo&xk index 
(soft grains). Thus, taking the two hearing auger as an 
example again, soft grains should he damaged less than 
hard grains, provided the clearances are not such that the 
deformations involved induce loads greater than the grain 
fracture load. At the moment this is only a conjecture 
and the verification required is outside the scope of 
this present analysis. However, it is felt that it 
constitutes the topic for further worthwhile research; 
for such research,samples of sufficient quantity would 
need to he collected and specialised testing equipment 
designed.
Consideration of Deformation Energy,
From the load-deformation curve it is possible to 
determine the work done in deforming grains up to the 
proportional limit load and the maximum load; this is
U9
acMeved by measuring the area under the curve, up to the 
point being considered. The deformation energy has been 
examined for eight grain samples (each of 10 grains) and 
the results are summarised below
Group i
Prop. Limit Load Maximum Load
Variety Work Done 
in. lb.
Std. Dev.
%
Work Done 
in.lb.
Std. Dev.
6501 Gamenya 0.0297 38.0 0.1279 50.3
6502 Falcon 0.0511 40.6 0.1538 35.2
6503 Heron 0.0165 28.1+ 0.2011 39.0
6505 Festi- 
guay O.O312 45.1+ 0.0847 48.1
Group 2
6511 Festi- 0.0347 57.1 0 .1279 40.8guay
6513 Windebri 0.0214 3 5 .7 0.0951 81.8
651U Bordan 0.0289 62.5 0.1067 57.1
6515 Glenwari 0.0232 35.2 0 .115 4 46.2
A statistical analysis was performed to compare the 
means of each sample within each group. The results 
obtained were as follows
Group 1
Means Compared
Significance of Mean Difference
Prop. Limit Load Maximum Load
6501/6502 
6501 /6503  
6501/6505
Probably significant
Significant
Mot significant
Not significant 
Probably significant 
Not significant
50
Group 1 (Continued)
6502/6503 Highly significant
------------------------------------------------------------
Hot significant
6502/6505 Probably significant Significant
6503/6505 Significant Highly significant
For Group 2 the analysis revealed that in all cases 
there was a non-significant difference between the means.
Taking the two groups together, linear regression 
equations were calculated for the proportional limit and 
maximun load values of work done, using Symes1 index as 
the independent variable. The resulting equations are
Proportional limit
W.D. = 0.0511 - 0.0011 x S.I.
Maximum load
W.D. = 0.0891 + 0.0018 x S.I.
These results indicate that the average energy 
required to compress grains to their proportional limit 
and maximum load does not vary greatly with variety; the 
linear regression equations suggest that the energy 
required to compress to the proportional limit decreases 
slightly with Symes1 index, while the fracture energy
rincreases slightly. At the same time, the high values of 
the standard deviation obtained for each individual sample 
indicate that wide variations in the energy required to
compress individual grains are to *be expected.
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3.U EFFECT Off MOISTURE CONTENT AND LOADING RATE ON
LOAD-DBffORMATION CHARACTERISTICS.
General
In this section, an extension of the previous study 
is made to cover the effects of moisture content and 
loading rate on the load-deformation characteristics of 
individual wheat grains.
Several researchers (5>10,37) have shown that 
moisture content has a marked effect on grain properties. 
Generally, it has "been established that load values 
decrease with increased moisture content. On the other 
hand it appears that the effect of loading rate on the 
load-deformation characteristics has not been investigated 
in any detail. Zoerb (5) varied loading rate from 
0*0777 in./min. to 0.i;667 in./min. for wheat at <t.b.
moisture content, but observed no noticeable changes in 
the strength properties. Shpolyanskaya (10) examined 
Gordeiform 10 wheat at two rates of loading (0.00033 
in./min. and O.OOILjl in./min.) and reported that the grain 
exhibited a more brittle character at the higher loading 
rate. However, the maximum loads obtained in each case 
were approximately the same. It is doubtful if Shpoly­
anskaya1 s observations are of any real value since the
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loading rates are extremely small and have only heen 
varied over a narrow range* No details of how the tests 
were performed are given,
In view of the rheological properties of wheat grains, 
it is apparent that loading rate must have some influence 
on the load-deformation characteristics, A full assessment 
can only he made by varying loading rate over a wide 
spectrum from the relatively low values examined by Zoerb 
to the extremely high values experienced under impact 
conditions. In the present study the loading rate was 
varied from 0.25 in./min. to 40 in./min. While these are
considered low values in the spectrum of loading rates, 
they were dictated largely by the limitations of the 
present testing equipment* As a future extension of the 
programme it is planned to examine the loading of grains 
under high speed and impact conditions* This will entail 
the construction of special apparatus.
The results presented in this section are for the 
three wheat varieties Heron, Gamenya and Falcon which 
represent the range of Byrnesf index values for the 
commercially grown wheats. The testing work extended over 
the range of moisture contents from 8% to 20% wet basis.
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The Testing Programme.
Individual grains of each of the three varieties, 
Heron, Gamenya and Falcon, were conditioned either by 
drying in a hot air oven or by adding a specific amount 
of water to the grains, placing them in a sealed container 
and allowing them to stand for at least U8 hours. Four 
different moisture levels were selected; these were 
approximately 8, 12, 16 and 20$ wet basis. Ten grains 
of each sample were tested in the Rheological Testing 
Machine at the following rates of loading
0.25, 1, 5, 10, 20, 30 and kO in./min.
The grains were loaded in the flat position only; the 
edge position, which was examined previously, produced 
results which were similar to the flat position but which 
tended to be less reliable.
The relevant data taken from the load-deformation 
photographs were again processed with the aid of the 
computer; the results are presented in Table A10 and 
Graphs 32 to U3.
Discussion of Results.
Inspection of Graphs 32 to k3 reveals that the 
variation of loading rates between 0.25 and ¿4-0 in./min.
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has little significant effect on the load and load index 
values obtained for the three varieties considered; this 
is especially so at the higher levels of moisture where 
the trend towards increased load and load index values 
with increased loading rate was the least pronounced.
Over the range of loading rates considered, the greatest 
increase in load values was about 6U% for the proportional 
limit load and 33% for the maximum load; for load index, 
the corresponding maximum increases were b3% and
On the other hand, moisture content had a marked 
effect on the load and load index values for the three 
varieties. The least effect was on the maximum load 
values but it should be pointed out that as the moisture 
content increased the grains became increasingly plastic 
and tended to be squashed rather than collapse during 
failure. In many instances it was difficult to determine 
a precise maximum load. The values of the proportional 
limit load and the load index values for both points 
decreased considerably with increased moisture content.
It is of interest to note that the softer a grain 
(as measured by Symes* index) or the higher its moisture 
content, the greater the variation in the load and load 
index values obtained for the proportional limit compared 
with the point of maximum load. It is felt that this
discrepancy is a good indication of the degree of 
plasticity that the grain will exhibit when loaded.
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5.5 DETERMINATION OP MODULUS OP ELASTICITY.
General— »— i—
In Section 2 it was reported that three alternative 
approaches for the determination of a modulus of elasticity 
have been proposed "by various researchers. These were 
hased on
(a) Hooke’s Law - core specimens
(h) Hertz theory - whole grains 
and (c) Boussinesq theory - whole grains.
In addition, using any of these theories, it is 
possible to arrive at different values for the modulus 
of elasticity for a particular grain, depending on the 
interpretation of the load-deformation graph. Both 
Shpolyanskaya (10) and Shelef and Mohsenin (UO) observed 
that after about three loading cycles the grain acquires 
a constant residual deformation and is subsequently 
deformed like an elastic body (Fig. 6). It is noted 
further that the elastic deformation, as indicated in the 
first unloading cycle, showed no significant change with 
further loading cycles. Shpolyanskaya regarded the 
modulus of deformability, based on the first loading cycle, 
to be of practical significance 11 since it reflects the 
mechanical properties of grain in the form in which it
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arrives at the rollers of the first milling system" .
Shelef and Mohsenin only present values of a modulus of 
elasticity based on the first unloading cycle, while data 
are provided from which the modulus of deformability could 
be calculated, Zoerb (5) also presents data for modulus 
of elasticity (strictly, modulus of deformability, since 
the values are based on the initial loading curves) for 
wheat grains, determined from core specimens.
A comparison of the results of these researchers, 
as presented by Shelef and Mohsenin, is given in Table 1.
It is instructive to examine equation 2.6 which is 
repeated here for convenience
2 .6
where
It will be noted that
TABLE 1 - MODULUS OF ELASTICITY FOB WHEAT GRAIN UNDER UNIAXIAL COMPRESSION.
Researcher WheatVariety
Loading
Rate
in/min
Moisture 
Content 
% db.
Testing Method Mod. of Elast.,E
psi x 10^ 
1
--------------------.
Std.
Error
x 105
Shelef Seneca 0.02 10.0 Parallel plate - whole gr. U.12 0.25
and Spherical indenter-wh. gr. 8.30 0.25
Mohsenin Cylindrical indenter-wh.gr. 1.57 0.03
(U o ) Parallel plate-core spec. 2.30 0.13
Shpolyanskaya
(10)
Lyutestsens
62
Gordeiforra
10
3.3-1U.2 
x 10“^ 11-12 2 Parallel plate - whole gr.
21.30 
28.UO
not
given
Zoerh (5) Soft red 0.08-0.5 15.7 Parallel plate-core spec. O.Lf.6 notgiven
1. The value is for kE where k = 1/(1-H2) and 1<k<1.33
2 • Basis not given.
VJ1
VO
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which, if plotted on log-log graph paper, would produce 
a straight line with a slope of 3/2. If it can he shown 
that the experimental curves of P versus 6 plot, on log­
log paper, as straight lines with a slope of 3/2, then 
considerable evidence is gained to support the application 
of the Hertz theory to materials such as wheat grains.
The Testing Programme
Due to the establishment of a relationship between 
load index and Symes1 index, it has been decided to present 
modulus of deformability and modulus of elasticity findings 
for only seven different varieties which represent the 
range of Symes’ index values. Determinations of modulus 
of deformability have been made from the load-deformation 
graphs used previously in Section 3*3# As no loading/ 
unloading cycles were made, values of a modulus of elasticity 
are not possible from these curves.
Gore specimens of each of the seven varieties were 
also tested; these specimens were loaded and unloaded 
several times to enable values of both modulus of deform­
ability and modulus of elasticity to be determined for each 
sample. For each variety, five whole grains and three 
core samples were tested in the Rheological Testing Machine 
at one loading rate (0.26 in./min.) and for a narrow range
FIG 6
0 - 2 G  in / io tn
FIG 6 -  TYPICAL SERIES OF LOAD-DEFORM'N
CURVES FOR WHEAT GRAIN CORES.
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of moisture contents (11.5 to 13$ w.b.), It should he 
pointed out that this phase of the experimental programme 
is not intended to represent a comprehensive investigation 
of the modulus of deformahility and modulus of elasticity 
for wheat grains; it is only desired to illustrate the 
theoretical aspects presented in Section 2. A full 
investigation into the effects of variety, moisture content 
and loading rate on these moduli would he the basis of a 
future programme of research,
(i) Gore Specimens
Three core specimens of each of the seven varieties 
selected were prepared hy cutting the ends off whole grains. 
Each specimen was then loaded and unloaded three times in 
the Rheological Testing Machine. A typical series of 
load-deformation curves is shown in Fig. 6.
Hooke’s Law was then used to establish values of 
modulus of deformahility and modulus of elasticity. 
Observation of the cross-sectional areas of the specimens 
revealed that, for the varieties considered, the area could 
he approximated hy the relationship 
A = 0.75 W H
where ^ _ wi&th of cross-section
H - height of cross-section
FIG 7
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This expression was considered to be sufficiently accurate 
when it is remembered that variations in cross-sectional 
area along the length of the specimen have been ignored. 
Table 2 summarises the results which were obtained for 
both moduli.
(ii) Whole grains
The load-deformation curves used in Section 3*3 were 
utilised to allow determinations of modulus of deformability, 
for each of the seven varieties, to be made on the basis of 
Hertz theory.
Fig. 7 shows log-log plots of load versus deformation 
for a sample of two varieties, Falcon and Heron, represent­
ing selections from each end of the hardness spectrum. It 
will be noticed that the slope, in both cases, closely 
approximates the theoretical value of 3/2. On the basis 
of this evidence, the values of modulus of deformability 
presented are for the load producing the deformation 
midway between the origin and the proportional limit.
Table 3 gives a summary of the results obtained using 
equation 2.6 and the following assumptions concerning the 
grain geometry
K
Ri = 2R2 = 2
TABLE 2 - VALUES OP MODULUS OP DEFORMABILITY AND MODULUS OP ELASTICITY FOR WHEAT
GRAIN CORE SPECIMENS.
Variety Core 1 Core 2 Core 3 Mean 1etnei
Moisture Mod. of Mod. of Mod. of Mod. of Mod. of Mod. of Mod. of Mod. of
Content Deform, 
psi x 10^
Elaat. Deform. Elast. Deform. Elast. Deform. Elast.
psi x 10*3 psi x 10 5 psi x 10^ psi x 10^ psi x 10^ psi x 10^ psi x 10^
187 Dural 
13$
2.28 u .26 2.U0 3.59 2.50 1+.1+8 2.39 1+.11
562 Falcon 
12.5$
1.6 5 3.52 1.51 2.91 1.11 3.03 1 .1+2 3 .1 5
201 Gabo 
12.5$
1 .1+7 3.68 1.23 3.50 2.00 3.11+ 1 .3 7 3.1+1+
205 Spica
1 2 .5$
1 .01+ 2.69 1.3 6 3.69 1.8 7 3.90 1.1+2 3.1+3
202 Gamenya
1 2 .5$
0.76 2.39 0.66 1.51 1 .01+ 2.21+ 0.82 2.05
206 Pin'cle 
12.5$
1.00 2.21 1 .1+5 2.10 1.U5 2.08 1.30 2.13
565 Heron 
'll *5%
1 .16 2.12 1 .02 2.22 1.30 2.1+0 1.16 2.21+
61+
TABLE 3 - VALUES OP MODULUS OP DBffORMABILITY POT? WHR&T
GRAINS USING EQUATION 2.7
Variety Mod. of Deformability 
kD - psi
Standard 
Deviation $
187 Dural 5*95 x i05 11+.7
562 Falcon 2.90 X 105 22.0
201 Gabo 2.82 x 105 23.6
205 Spica 3.28 x 105 29.7
202 Gamenya 2.1+!+ x 105 2 5.U
206 Pinnacle 1 *7k x 105 17 .9
565 Heron 2.03 x 105 8.6
k = 1/0-I+2) ; 1<k<1.33
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Discussion of Results
Consideration of the results presented in Tables 2 
and 3 indicates that values of modulus of deformability 
and modulus of elasticity obtained for the seven 
Australian wheat varieties are of the same order as those 
found by Shelef and Mohsenin (UO)for the variety Seneca 
and by Zoerb (5) for a soft red winter wheat. The results 
also indicate a reduction in the value of both moduli with 
increasing Symesf index.
Theoretically, it should be possible to equate 
modulus of deformability (kD) from the whole grain tests 
to modulus of deformability (D) from the core tests, to 
arrive at a value of Poisson’s ratio for wheat grains.
By definition, Poisson’s ratio must have a value between 
0 and 0.5# Hence
0.75 < 1-p2 <  1 or 1 <  k <  1.33 
Therefore
- ^ kD / A „1 < —  <1.33D
Comparison of Tables 2 and 3 gives the following values 
for this ratio
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Dural 2 .*4-9
Falcon 2.0U
Gabo 1*60
Spica 2.31
Gamenya 3.02
Pinnacle 1*29
Heron 1.75
Only in the instance of Pinnacle can a possible 
value of Poisson’s ratio be found; from a practical point 
of view, such a determination of Poisson’s ratio would have 
little usefulness. At the same time the range for k can 
be narrowed considerably if due allowance is made for the 
material involved; it is unlikely that jj, would take on a 
value less than that of steel, p=0.3• Therefore, a 
practical range for k would be
and the values of the modulus of deformability (kD) in 
Table 3 would then represent the "actual value for the 
particular grain tested" within + 11$S if k is taken as its 
mean value, 1.22.
outside the allowable range makes it necessary to consider 
which of the applications of the Hertz theory, as
1.1 < k <1.33
The number of values of ̂ 5 which were obtained
D
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summarised in Section 2.3, is the most suitable. Table U
presents the values of modulus of deformability found
using each of the four expressions, together with the
vncorresponding value of — ; the previous assumptions
D
made concerning the grain geometry have been retained. 
Examination of this table reveals that for each of the 
expressions a calculated value of Poisson’s ratio is not 
possible for all varieties. However, considering the 
remarks made concerning a practical range of values for k, 
it is evident that the most satisfactory results should be 
obtained using equation 2.11, provided careful assessments 
of the grain geometry are made.
TABLE U - COMPARISON Off THE EXPRESSIONS FOR MODULUS OF DEFQRMABILITY
PRESENTED IN SECTION 2.5
Variety
Shpolyanskaya Shelef 4 Mohsenin Arnold $ Roberts Equation 2.11
kD
rpsi x 1 0^
kD
D
kD
Rpsi x 1 0^
kD
D
kD
psi x 1 0^
M)
D
kD
psi x 10^
kD
D
187 Dural 2.U8 1 .01* 2.07 0.87 5.95 2.U9 i*.15 1 .7 3
562 Falcon 1.21 0.85 1 .01 0.71 2.90 2.01+ 2*02 1 .1*2
201 Gabo 1 .17 0.73 0.98 0.62 2.82 1.80 1 .9 7 1.15
205 Spica 1 .3 7 0.97 1.11* 0.80 3.28 2.31 2.28 1 .61
202 Gamenya 1.02 1.21* 0.85 1 .01* 2.1*1* 3.02 1 .7 0 2.07
206 Pinnacle 0.73 0.56 0.61 0.1*7 1,7U 1.29 1 .21 0.99
565 Heron 0.86 0.7U 0.71 0.61 2.03 1 .7 5 1 .1*2 1 .22
Multiplier 0.1*17 0.31*8 1.0 0.698
<JsOo
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3.6 SUMMARY
The load-deformation testing of individual wheat 
grains has shown that the values of load and load index 
vary significantly with variety. This is true for “both 
flat and edge loading positions and for hoth the proport­
ional limit and maximum load points. The most consistent 
results were obtained for the flat position and proport­
ional limit load. The edge position gave a wider scatter 
of results largely because of the variations in the grain 
crease width; in addition some difficulty was encountered 
with regard to holding the grains in this position while 
the load was being applied.
The linear regression equations presented, show that 
load and load index vary directly with Byrnes* particle 
size index and directly with pearling index; the harder 
varieties sustaining the greater loads and having the 
larger load index values.
The results also indicate that the load and load 
index characteristics of a particular wheat variety are 
also dependent on the locality in which the grain is grown.
The investigation of deformation energy has revealed 
that the work done in compressing grains to their proport­
ional limit and maximum load varies considerably within a
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particular variety sample, however, the average energy 
required to compress to hoth these points shows only 
slight variation with Symes* index. The linear regression 
equations suggest that the energy needed to compress to 
the proportional limit decreases slightly with Symes* 
index, while the fracture energy increases slightly.
Load-deformation tests performed on individual 
grains of Falcon, Gamenya and Heron indicate that rates of 
loading from 0.25 to I4.0 in./min. have only a slight 
influence on the forces and deformations a grain can 
sustain; load and load index generally showed some 
increase with loading rate.
On the other hand, variation of grain moisture 
content from 8 to 20# confirmed that the strength properties 
of grains are influenced significantly hy moisture content 
with the trend towards increased strength with decreasing 
moisture content.
The following ranges of values for modulus of 
deformahility (core specimens), modulus of elasticity 
(core specimens) and modulus of deformahility (whole 
grains and equation 2.11) were obtained for the seven 
varieties examined
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Mod. of deform, (cores)
Mod. of elast. (cores)
Mod. of deform, (wh. gr. - kD)
- 0.82 to 2.39 x 105 psi
- 2.05 to U.11 x 105 psi
- 1.7^ to 5.95 x 10^ psi
Generally, the values of all the moduli tended to reduce 
with increasing Symes’ index.
It is also concluded that the application of the 
Hertz theory for the determination of kD or kE, as 
presented in equation 2.11, should produce the most 
practical results, provided accurate assessments of the 
grain geometry are made.
SECTION U
STRESS ANALYSIS
Examination of the Stress Distributions 
in Loaded Wheat Grains
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k.i GENERAL
The Hertz theory developed in Section 2 provides a 
satisfactory explanation of the contact stresses induced 
in a wheat grain subjected to compressive forces*
However, the theory, in general, is limited to light 
load conditions under which the grain can be assumed to 
behave elastically* It is also important to gain some 
understanding of the mechanism of failure of wheat grains 
due to increased loading; not only does this require 
consideration of both elastic and plastic deformations, 
but it is also necessary to study the change in the stress 
distribution within the grain. Owing to the complex 
nature of the stress distribution, an exact theoretical 
analysis would be quite difficult* However, with the 
aid of photoelastic and numerical techniques it is 
possible to obtain quantitative results which show the 
pattern of the stress distribution within a cross-section 
of the grain.
Large sectional models of the grain were prepared 
from Araldite; the details of the Araldite used and the 
method by which it was prepared are given in Appendix 7* 
The changing patterns of isochromatic fringes (difference 
of principal stresses) were studied with the aid of a 
circular polariscope set for extinction; Plate 3 shows
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PLATE 3 - THE PHOTOBLASTIC BENCH.
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the particular photoelastic bench used. For the work 
performed in this thesis, the loading lever system had 
a mechanical advantage of L|..95*
It can be shown (U2,U9) that the sums of the principal 
stresses within a two-dimensional statically stressed body 
constitute a harmonic function, that is, they satisfy the 
differential equation known as Laplace’s equation
¿>2 (p+q.) +  ¿>2 (p+q) _ o
bx2 by2
All harmonic functions possess the fundamental 
property which is formulated by Dirichet’s theorem; this 
theorem states (¿j-9) that ’’for a given boundary surrounding 
a region to which the function applies, and for specified 
values on the boundary, there exists only one solution 
of Laplace’s equation for all points within the region”.
It follows, therefore, that the sum of the principal 
stresses (p+q) is uniquely determined at every point 
within a given region of a two-dimensionally stressed 
body provided that the boundary stresses are known.
These required boundary conditions can be obtained from 
the photoelastic study when it is realised that at a 
free boundary one of the principal stresses is zero and
hence
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p + q = p - q U,2
Before proceeding with the detailed stress analysis 
of the symmetrical wheat grain cross-section it is 
considered necessary to illustrate the method of analysis 
to he employed with an example for which an exact theoretical 
solution is possible* The example chosen is a circular 
disc subjected to diametral compression. A comparison of 
the theoretical solution with the photoelastic and 
numerical solution will show the validity of the application 
of this latter method of analysis to the wheat grain 
cross-section.
7 7
ì i , 2  THEORETICAL ANALYSIS OF A CIRCULAR DISC SUBJECTED
TO DIAMETRAL COMPRESSION.
FIG 8 -  C IRCULAR D IS C  SU B JEC T T O  
D IA M E T R A L  C O M P R E S IO N .
Pig, 8 shows a circular disc subjected to diametral 
compressive forces, P, It can be shown (1+9) that the 
following system of rectangular stress components exist 
for any point (x,y) within the disc
-2 P
TT t
(R-y) x2 , (R+y) x2 _
2 R
b . 3
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(T = y
r =xy
where
►2 P ( R - y ) 3 (R + y )3
TT t
it + u ■r7 r<tL 1 2
2 P (R-y)2x (R+y)2x
rr t
Ij. "* Lj. 
r1 *2
2 R
= x2 + (R-y)
p O 9
1*0 = X + (R+y)
it.h
U.5
Along the y axis, that is, along the line of the loads,
these expressions reduce to
(T a + X
TT t R
M-#6
<r =y
-2 p 
nt
2 R
~2 2 R - y
1
2 R U.7
r 8 oxy U*8
Prom equation U*6 it can he seen that along the 
vertical diameter the horizontal tension is constant; the 
vertical compression varies from a minimum value of
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~3 P 
TT t R at the centre to infinity at the points of application
of the load.
For the present analysis a disc of 2.03 in. dia, and
0.22 in. thickness has been used* A computer programme, 
a listing of which is given in Appendix 8, has been written 
to calculate the rectangular stress components together 
with the values of the principal stresses and the maximum 
shear stress at any point within the disc.
*Table A11 shows a tabulation of these values for a 
disc loading of 1 7 8 . 2 pounds; this was the load used in the 
experimental study. Fig# 9 provides an explanation of the 
point indexing system used in the programme.
FIG 9 -  P O IN T  INDEXING S Y S T E M  USED
FO R T H E  D iS C .
The Tables pertaining to Section h are given in Appendix 9
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k«3 A PHOTOELASTIC AND NUMERICAL ANALYSIS OF A CIRCULAR 
DISC SUBJECTED TO DIAMETRAL COMPRESSION.
A circular disc of 2.03 in. dia. and 0 . 2 2  in. 
■thickness was made from a sheet of Araldite prepared as 
described in Appendix 7* The disc was loaded in the 
photoelastic bench and photographs taken of the resulting 
isochromatic fringes for three different loading levels; 
these photographs are shown in Plate lu The loading 
levels were chosen so that a fringe passed through the 
centre of the disc in each case.
It is known that at the centre of a disc subjected to 
diametral compression the following relationship exists
P
tt f  n ^  d  
_______ c 4.9
where
p - load
f - material fringe value
nc - fringe order at the disc centre
d - disc diameter
or rewriting
4 Pf = ------ 4.10
rr d nc
P= 59• U lb. 
(a)
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Diameter 
Thickness 
Matf1 Fringe 
Value
= 2.03 in.
= 0.22 in.
= 37.2 lb/in2 
per in.
P=118.8 lb.
P=178.2 lb.
(c)
PLATE U - ISOCHROMATIC FRINGES FOR A CIRCULAR DISC SUBJECT 
TO THREE DIFFERENT LEVELS OF DIAMETRAL COMPRESSION.
F/G IO
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IG 10 - ACTUAL 1S0CHR0MAT1CS FOR THE DISC. TAKEN FROM PLATE 4.C
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For the particular disc used in this work
k x 178.2f - ------------
n x 2,03 x 3 
» 37.2 lb./in? per in.
The disc subjected to the load of 178.2 lb. has been 
chosen for detailed analysis; Plate 5 presents a comparison 
of the actual and the theoretical isochromatics for the 
disc subjected to this load. It can be seen that 
excellent agreement between the actual and theoretical 
fringes has been obtained.
Fig. 10 presents the actual isochromatic fringes for 
one quarter of the disc, drawn to a larger scale. These 
curves have been obtained from the photograph shown in 
Plate U(c). The actual value of (p-q) which is represented 
by each fringe can be found from the expression
2 n f 
t
2 x 37.2 x n
0 .2 2
U.11
= 338 n U.11a
8 3
PLATE 5 " COMPARISON OP ACTUAL AND THEORETICAL 
ISOCHROMATIC FRINGES FOR THE DISC.
Load = 178.2 lb.
8 4
Tile isopachic fringes (sum of principal stresses) 
have "been found by employing a numerical solution of the 
Laplace equation (U#1). Using the coordinate system 
shown in Pig* 11, it can he shown (1*9) that
1
a c
1
+  --------
b d (p+q)0
(p+i)a (p+q)b (p+q)c (p+q)d
+  -----------------------  +  ----------------------  + ------------------------
a(a+c) t>(to+d) c(a+c) d(i>+d) U.12
rB
i
A a 0 c
; - . d
FIG I I -  C O -O R D IN A T E  S Y S T E M  USED  
FO R EQ U A TIO N  4 . 12
For the case where a = b = c = d this reduces to
(p+q)Q = 0.25((p+q)a + (p+q)^ + ( p + q ) c + ( p + q ) d ) **.13
A computer programme has been written to solve the
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Laplace equation for one quarter of the disc; a listing 
of the programme is given in Appendix 8. The programme 
has "been designed to enable varying point networks up to 
20 x 20 to he handled* In this instance, the programme 
was run on the IBM 1620 computer using the PAP compiler (50), 
However, the programme has been written so that it is also 
compatible with the IBM FORTRAN II compiler. Examination 
of the listing will show that the following are required 
as input data
Programme Variable 
Name
Load on the photoelastic bench weight XLOAD
carrier
Disc diameter DIAM
Disc thickness THICK
Point network size (plus 1 , since the 
indexing system starts at 1 not 0)
NET
Mechanical advantage of the lever TMADV
system on the photoelastic bench
Initial value of p+q for all interior 
points except (p+q)^ ^
ZZ
To enable initial values of p+q to be obtained in 
regions surrounding the point of application of the load,
8 6
it is convenient to use Flamant’s solution for the stresses 
produced "fay a concentrated load acting on the edge of a 
semi-infinite plate. It can be shown (U9) that the 
concentrated load may be replaced by an equal force on a 
semicircle of small radius together with two thrusts, 
numerically equal to P/rr and acting at right angles to the 
force P. This equivalent system is illustrated in Pig. 12.
FIG 12 - T H E  LO A DIN G  S Y S T E M  U SED  '
W HICH IS EQ U IVA LE N T T O  A C O N C E N T R A T E D
LO AD.
For the computer programme two initial values of p+q 
were included; these were at points 1 and 2, Pig. 12.
For point 1 p+q was taken to be
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(p+q).,
-2 P 2 P+ U.14rr t r tr t d
where
r - radius of the small semicircle 
which equals the network spacing
The second term in equation JLf..lL* is due to the effect 
on point 1 of the load P at the other end of the diameter.
For point 2, which was taken to he located where the 
semicircular groove intersected the disc outline, p+q was 
assumed to he
In addition, for a circular disc in diametral 
compression, it is known that all points on the free 
boundary are free from stress.
In this instance, the computer programme has heen 
used to analyse a quarter disc divided into a 10 x10 
network. Approximately 300 iterations were needed for 
complete convergence; each iteration took slightly more 
than one minute of computer time.
-2 P
(p+q)2 2nr t r
bA 5
Table A12 gives the computer output obtained while
FIG  13
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13 - NUMERICAL ISOPACHICS FOR THE DISC. drawn USING DATA IN TABLE A12
88
Table A13 gives a comparison of the theoretical values 
with the numerical values obtained, together with the 
error expressed as
(p+(l)calced “ ^P+<̂ theor
Error = ------ ---- -------------  x 100 ft U . 16
(p+<l) theor
A breakdown of the error frequency is given in Table A1h.
As can be seen from this Table, close agreement between 
theoretical and numerical values for p+q has been 
achieved. It is concluded, therefore, that the assumptions 
made concerning the selection of the initial p+q values 
are valid. Considerable improvement in accuracy was 
obtained using a 20 x 20 network and, hence, a reduced 
size for the removed semicircle. However, this improve­
ment was achieved at the expense of computer time; 530 
iterations, each requiring approximately U 1 /Lj. minutes 
of computer time, were needed for convergence. The 
results for the 20 x 20 network are presented in Tables 
A 1 5 to A17.
Fig. 13 shows a plot of the isopachic fringes 
resulting from the numerical data of Table A12, for one 
quarter of the disc.
Taking Figs. 10 and 13 together allows values of each
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of the principal stresses and the maximum shear stress, 
which is given by
Xmax
p - q
2 U.17
to he estimated, for any point within the disc. It will 
he noted that for all points the principal stress q is at 
least three times greater in magnitude than the principal 
stress p.
To enable the stress components, (T , (T 9X , to hex y xy
found it is necessary to know the orientation of the 
principal planes to the x and y axes. This requires 
investigation of the isoclinic fringes, however, in this 
instance, it was felt that the information gained has 
little practical value and so the investigation was not 
attempted.
FIG  14
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FIG 14 - DIMENSIONS OF M ODEL OF  
SYMMETRICAL WHEAT GRAIN.
FfG 15
W HEAT GRAIN- TAKEN FROM P LA TE  6 0
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Umk A PHOTOELASTIC AKD NUMERICAL ANALYSIS OF A SYMMETRICAL 
WHEAT PRAIA CROSS "■SECTION.
The photoelastic and numerical methods employed in 
the analysis of the disc have “been applied to the analysis 
of a typical symmetrical cross-section of a wheat grain.
The dimensions of the section chosen are given in Pig# 1H. 
An Araldite model, cut from the same sheet as the disc, 
was prepared and loaded in the photoelastic bench.
Plate 6 shows the isochromatic fringes obtained for four 
different loading levels; the last one, (d), has been 
chosen for detailed analysis. Pig. 15 Shows the iso­
chromatics for this loading condition, drawn to a larger 
scale; as before, the actual fringe value is given by
p-q = 338 n h.iia
Again a numerical solution of the Laplace equation 
was obtained with the aid of the computer; a listing of 
the actual programme used is given in Appendix 8. Due 
to the size of the programme, use had to be made of the 
facilities for Subroutines and Magnetic Tape Statements 
provided toy the IBM 1620 Fortran II compiler (51). To 
cope with the shape of the section it was necessary to 
introduce 51 boundary points; the coordinates of these 
points were stored on magnetic tape so as to allow the
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P = U9.5 It.
(a)
P = 99 It. 
(t)
P = 1U8.5 It.
( c )
P = 198 It.
( a )
PLATE 6 - ISOCHROMATIC FRINGES FOR THE SYMMETRICAL
WHEAT GRAIN AT FOUR DIFFERENT LOADING LEVELS.
F IG  16
«. 1352-71 
- 845-44 
- 6 7 6 -3 6
-507
- 4 0 S Bo 
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-  27o 54
- /69 09
- 77-6*
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FIG 1 6 -P O IN T S  FO R  IN IT IA L  V A LU E S  O F P+Q , 
T O G E T H E R  W ITH  B O U N D A R Y C O N D IT IO N S  TA K E N  
FR O M  P LA TE 6*D.
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programme to cycle automatically.
The following input data were needed for the programme
Programme Variable 
Name
Coordinates of the boundary points 
(51 sets, stored on magnetic tape) 
Load on the photoelastic bench 
weight carrier 
Model thickness 
Model Height - see Pig. 1U 
Material fringe value 
Mechanical advantage of the lever 
system on the photoelastic bench 
Distance from the axis of symmetry 
to the bottom load - see Pig. 16  
Initial value for all interior points 
except (p+q) ̂ ^
Boundary stresses along the crease
A,B,C,D
XLOAD
THICK
HIGHT
PRING
TMADV
WIDB
ZZ
AM12 to AM20
Again use was made of Plamant’s Cosine Distribution 
for the stresses produced by a concentrated load acting 
on the edge of a semi-infinite plate, to obtain initial 
values of p+q in the regions surrounding the points of 
load application. Pig. 16 indicates the points for
which initial values were determined 
For point 1
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(p+q.)1 -2 P x 26.5 , 2 P cos^9•...........  .................  + -  .... . »
IT t  H  rr t  W
U.18
For point 2
(p+q)2 = (p + q ), + g - L .eoB »  S ln2&
n  t  W*
U.1 9
For points 3
(p*«), - ~ 2  P * 26-5
nr2 t H
U. 20
where
2 6 .5 - number of vertical point spacings
9 - angle between the line joining the top and
bottom loads, and the axis of symmetry 
H - model height
W f - distance between P and P/2
It should be noted that the radius of the small semicircle 
at the bottom load was half the radius of the one at the 
top; the top radius was made equal to the network spacing. 
The second term in equations U.18 and U.19 takes into 
account the effect, on p+q, of the loads remote from the 
point being considered.
FIG 17
FIG 17- N U M ER IC AL ISQ PAC H IC S FOR THE S Y M M E TR IC A L 
W HEAT G R A IN . drawn u sin g  data in t a b l e  Aia.
9h
The boundary stresses along the crease were estimated 
from the photographs of the isochromatic fringes 
(Plate 6(d)); the assumed values are indicated in Fig. 16. 
The boundary stresses for all other free points were 
considered to be zero.
Table A18 gives the calculated values of p+q for 
all the interior points* Approximately 300 iterations 
were required for convergence; each iteration taking about 
1 1/k minutes of computer time*
Pig* 17 shows the isopachic fringes which were drawn 
from the information in Table A18. A comparison of 
Pigs. 15 and 17 reveals that the principal stress q 
generally has a considerably greater magnitude than the 
principal stress p. This accounts for the similarity in 
appearance of the isochromatics and the isopachics. It 
can also be seen that most of the load is taken within 
the triangle formed by the loads; the outer areas of the 
model are only lightly stressed.
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k.5 AN EXAMINATION OF THE EFFECT OF NON -SYMMETRY ON
THE STRESS DISTRIBUTION WITHIN A WHEAT GRAIN
CROSS-SECTION,
Many of the actual wheat grains tested in Section 3 
had cross-sections which exhibited varying degrees of 
non-symmetry. In order to assess the effect of this 
non-symmetry on the stress distribution within a cross­
section, it was decided to examine, photoelastically, 
two Araldite models of non-symmetrical sections, each of 
which had approximately the same width and height as the 
symmetrical section examined previously. The load 
applied in each case was 198 lb.
Plate 7 shows the isochromatic fringes which 
resulted. The isopachics were not determined since q 
is the predominant principal stress and a similar pattern 
for isopachics would be expected; apart from this, the 
computer available was not of sufficient magnitude to hold 
the programmes that would be required for such a 
determination.
Examination of the photographs in Plate 7 confirms 
the expectation that non-symmetry causes one half of the 
cross-section to be more heavily loaded than the other; 
photograph (c) is the extreme example of this effect,
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(c)
PLATE 7 - EFFECT OF NON-SYMMETRY ON THE ISOCHROMATIC 
FRINGES FOR WHEAT GRAIN CROSS-SECTIONS.
Load = 198 Tb
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where all the load is taken through one half of the 
grain. The fringe order around the top of the crease 
has increased by approximately one in both the non­
symmetrical cases, indicating that there has been an 
increase of approximately 33% in the stress concentration 
in that area for the same applied load.
Prom these examples it can be concluded that non­
symmetry in the cross-section of a wheat grain increases, 
significantly, the magnitude of the stresses induced in 
the loaded half of the section. Therefore, it is likely 
that a non-symmetrical grain would not be able to withstand 
loading conditions as high as those which could be imposed 
on a symmetrical grain of the same sample.
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U.6 A MICROSCOPIC ANALYSIS OF THE DEFORMATION OF 
WHEAT GRAINS.
To reinforce the findings of the photoelastic 
studies, a microscopic analysis of the deformation of 
individual grains was performed using a Gabo wheat at 
11$S moisture content. Each grain was sectioned, held 
in a toolmaker’s clamp and then viewed through a Vicker’s 
microscope. Photographs were taken to show the various 
stages of the deformation of the grain up to the point of 
failure; these photographs are shown in Plate 8* As 
the load increased, the deformed sections changed colour 
due to the cellular structure being destroyed, thus 
enabling the deformed pattern to be observed.
( D )
Medium Load
(a)
Light Load
( c )
Heavy Load
PLATE 8 - MICROSCOPIC STUDIES OF LOADED WHEAT GRAINS.
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k.7 COMPARISON OF THE MICROSCOPIC OBSERVATIONS WITH THE
PH0T0ELA3TIC STUDIES.
A comparison of the microscopic observations 
(Plate 8) with the photoelastic model behaviour (Plate 6) 
shows some important similarities. Under light load 
conditions the stresses in the actual grain are confined 
mainly to the points of contact with the loading plates.
As the load increases, the stressed region (shown by the 
light coloured areas in the microscopic photographs) 
extends from top to bottom plates, but the outer regions 
of the grain remain unstressed. Failure consists of the 
outer regions breaking away from the stressed centre 
section.
It is clear from the comparison of Plates 6 and 8 
that the photoelastic model provides an acceptable analogy 
of the stress conditions in loaded wheat grains. On the 
basis of preliminary investigations using various 
photoelastic models it was found that the model with 
uniform thickness gave the closest representation of the 
actual stress conditions. It was thought initially that 
the grain husk would have some influence and Araldite 
models having a thicker outer rim to represent the husk 
were cast and tested. However, the stress patterns 
obtained from these models provided an inferior
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representation. It is now considered that the husk 
carries little load and only serves to contain the 
structure within the grain.
SECTION 5
SUMMARY OP CONCLUSIONS
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1* It is shown that there are several possible 
methods, all based on elasticity theory, which can be 
employed to determine a modulus of elasticity for wheat 
grains. Experiments indicate that each approach produces 
values for the modulus of elasticity of the same order of 
magnitude. Because of the complexity of the material 
being considered it is difficult to ascertain which of 
the methods produces the most reliable results. However, 
from a materials handling point of view it is felt that 
the methods employing whole grains are to be preferred to 
the method using cores; of the whole grain methods it is 
thought that the most comprehensive approach using equation 
2.11 should produce the most accurate results.
2. The load-deformation testing of individual wheat 
grains, at normal moisture contents and for a constant 
loading rate, has shown that the values of load and load 
index vary significantly with variety. This is true for 
both flat and edge loading positions and for both the 
proportional limit and maximum load points. The most 
consistent results were obtained for the flat position and 
proportional limit load. The edge position gave a wider 
scatter of results largely because of the variations in 
the grain crease width; in addition, some difficulty was 
encountered with regard to holding the grains in this
10k
position while the load was being applied.
The linear regression equations presented show that 
load and load index vary directly with both Sarnies’ particle 
size index and pearling index; the harder varieties 
sustaining the greater loads and having the larger load 
index values.
The results also indicate that the load and load 
index characteristics of a particular variety are also 
dependent on the locality in which the grain is grown.
The investigation of deformation energy has revealed 
that the work done in compressing grains to their propor­
tional limit and maximum load varies considerably within a 
particular variety sample; however, the average energy 
required to compress to both these points shows only 
slight variation with Symes’ index. The linear regression 
equations suggest that the energy needed to compress to 
the proportional limit decreases slightly with Symes* index 
while the fracture energy increases slightly.
3. Load-deformation tests performed on individual 
grains of Falcon, Gamenya and Heron indicate that rates 
of loading from 0.25 to U0 in./min. have only a small 
influence on the forces and deformations a grain can 
sustain; load and load index generally showed some
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increase with loading rate.
On the other hand, variation of grain moisture 
content from 8 to 20% confirmed that the strength 
properties of grains are influenced significantly hy 
moisture content, with the trend towards increased 
strength with decreasing moisture content.
For the seven varieties examined in the experimental 
determination of values for the modulus of elasticity and 
modulus of deformahility, the following ranges of values 
were obtained
Mod. of deform, (cores) - 0.82 to 2.39 x 10® psi
5Mod. of elast. (cores) - 2.05 to U.11 x 10 psi
Mod. of deform, (wh. gr. - kD) - 1.7U to 5*95 x 10® psi
Generally, the values of all the moduli tended to reduce 
with increasing Symesf index.
The experiments also confirm that the application 
of the Hertz theory for the determination of Id) or kE, 
as presented in equation 2.11, should produce the most 
practical results, provided accurate assessments of the 
grain geometry are made.
5. Photoelastic model techniques used in conjunction 
with numerical procedures provide a satisfactory method
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for analysing the stress distributions within the cross­
section of a loaded wheat grain. For a symmetrical cross­
section model it is shown that most of the load is taken 
within the triangle formed by the loads; the outer areas 
of the model are only lightly stressed. Non-symmetry in 
the cross-section of a wheat grain increases, significantly, 
the magnitude of the stresses induced in the loaded half 
of the section. Therefore, it is likely that a non- 
syrametrical grain would not be able to withstand loading 
conditions as high as those which could be imposed on a 
symmetrical grain of the same sample.
Comparison of microscopic observations, of loaded 
cross-sections of actual grains, with the photoelastic 
model behaviour shows some important similarities which 
confirm that the photoelastic model provides an acceptable 
analogy of the stress conditions in loaded wheat grains.
SECTION 6
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TABLE A1 - SAMPLES TESTED PROM 196L+/65 HARVEST
Sample
Humber Variety
Bushell
Wt.-lb.
Protein
%
1000 gr. 
Wt.-gm.
Remarks
18? Dural 66 i /if- 13.2 39.9 Grown Tain- 
worth Agric. 
Res« Stile
199200 
201 
202 
201+ 
205 
206
Mendos
Mengavi
Gabo
Gamenya
Gala
Spica
Pinnacle
66
66
65 1 /1+66 l/l+
67
67 3 A
61 3/1+
9.8
9.8 
9.0 
8.6
9.9 10.1 
10.1+
39.1 
38.7 
37.5 38.0 
36.1+
38.1 
51+.9
Grown,FeV.T*
BeDonaldson
Dunedoo
285286 
288 
289 
291
Festiguay
Mendos
Gala
Gabo
Spica
66 1/1+ 
61+' 1/2 
66 1/1+ 
61+ 3/1+ 
67 3/1+
9.2
9.8 
10.6
9.9 
11.1
31+.9 1+0.2 
36.5 
37.0 
1+1 .1+
Grown,F.V.T. 
R* Doran 
Pockataroo
l+98
501
501+
507
Spica
Spica
Spica
Spica
66
66
67 3/1+
65 3/1+
12.1
12.3 12.1+
12.3
38.0
38.0
38.738.1+
Grown,FeVeTe
Reece
Bingara
561
562 
563 56I+
565566 
568
Chile 1B 
Falcon 
Festiguay 
Glenwari 
Heron 
Mexico 120 
Olympic 
A103
65 3/1+66 1/2 
66 1/2 
65 1/2 
67 3/1+
65 3/1+66 1 /!+
12.1+
12.0
12.510.8
11.312.8
9.8
39.1 
38.8
37.1 
1+0.1 
1+1 . 1  
36.0  
36.7
Grown
Condobolin
Agric#
Res.
Station
71+6
71+7
7I+8
751
753
Festiguay
Gabo
Gala
Mendos
Spica
67
6566 1/1+ 
66
67 1/2
11.9 11 .0
12.9
11.9 11.6
35.538.6 
31.9 1+2.6 
1+3.0
Grown,F.VeT. 
K. He HUT 
Merriwa
These samples were obtained from the Scientific Services 
Laboratories,N.S.W. Dept, of Agric.;the sample numbers 
used are those assigned to each sample by the Laboratories.
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TABLE A2 - SAMPLES TESTED FROM 1965/66 HARVEST
Sample
Number Variety BushellWt.-lb.
Protein
%
1000 gr. 
Wt.-gm. Remarks
6501
6502
6503 
650k 
6505
Gamenya
Falcon
Heron
Mendos
Festiguay
6 2 1 / 4  
63 1 A
61
61
60 3 A
1 5 .9  
16 .0
1I+.8
17.2
17.1+
3 8 A
41.5 
M2.5
38.5 35.2
Pure seed 
areas, 
Temora 
Agric.Res. 
Station
6506
6507
6508
6509
Gamenya
Falcon
Heron
Olympic
A103
59 3 A
62 1 A  
62 1 A  
61 3 A
11 »1 
11.3 10.8 
10.9
36.3
39.1M-0.0
37.6
Moombool-
dool
Trial
6510
6511
6512
6513  
6511+
6515
6516
Pinnacle
Festiguay
Heron
Windebri
Bordan
Glenwari
Olympic
A103
6I4. 3 A  
63 1 / 2  65
6!+ 3 A
63 1 A63
65 1/2
1M.5
17.5
15 .2
1 5 .8
16 .1
1M.6
1M.5
M-6.6 
37.3 M1.0 38.6 
M-7.3 
1+6.7 37.6
Late
Maturing 
1 /[4.0th 
Acre 
Trial, 
Temora
65176518
65196520
Gamenya 
Falcon 
Heron 
Olympic 
A103
60
62
63
62 1/2
A .  6 
1M.3 
13.9 13.2
1+0.0 
1+1 .8 
M3.3 39.2
Early mid­
maturing 
1/¿*0th Acre 
Trial, 
Temora
These samples were obtained from the Temora Agricultural 
Research Station, N»S.W» Dept» of Agriculture»
TABLE A3 - SUMMARY OF LOAD AND LOAD INDEX VALUES FOR
INDIVIDUAL SAMPLES
Sample
and
Moist.
Gont.
Loading
Position
No. of 
Readings
Load
lb.
Std.
Dev.
%
Load
Index
lb.
Std.
Dev.
%
18 7 F - PLL 18 3 3 . 3 2 5 . 6 690 1 6 . 5
Dural F - ML 1 7 4 0 .5 2 1 . 5 570 2 1 . 5
13$ E - PLL 10 2 2 .9 2 3 . 6 61*4 1 8 . 2
E - ML 1 0 t+3.5 2 0 . 6 560 1 7 . 5
199 F - PLL 1 7 1 6 .u 2 2.1+ 1+05 2 1 . 9
Mendos F - ML 1 7 21+.7 2 7 . 2 3UU 22.5
1 2 .5$ E - PLL 12 11+.5 2 0 . 3 1+82 28.9
E - ML 12 18.9 11+.1+ 1+23 25.6
200 F - PLL 1 5 1I+.1 2 6 . 6 31+6 16.7
Mengavi F - ML 1 5 21.6 29 .8 299 22.1
1 2 .5$ E - PLL 10 13.6 11+.9 361 3 1 . 3
E - ML 10 18.0 1 i+.o 307 3 1 . 6
201 F - PLL 18 19. k 21+.8 1+01 18.7
Gabo F - ML 1 7 26.6 17.9 328 21.6
1 2 .5$ E - PLL 9 18.9 1 5*6 1+88 30.1
E - ML 9 33.5 1 7 . 2 331+ 26.7
202 F - PLL 18 1 6 . 8 3 1 . 7 31+1+ 22.0
Gamenya F - ML 18 21.2 3 7 . 7 301* 21+.1
1 2 .5$ E - PLL 7 13.5 9 . 7 321+ 7.0
E "* ML 7 26.0 1 6 . 8 237 1 6 . 0
201* F - PLL 15 19.8 1 9 . 2 1)20 19.7
Gala F - ML 15 21+.1 2 5 . 2 357 20.7
1 2 .5$ E - PLL 9 20.9 1 5 . 1 1+88 1+0.3
E - ML 9 32.1+ 18.1+ 1+10 21+.1
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TABLE A3 - CONTINUED
Sample
and
Moist*
Cont.
Loading;
Position
No. of 
Readings
Load
lb.
Std.
Dev.
%
Load
Index
lb.
Std.
Dev.
#
205 F « PLL 15 1 5*6 3U.3 370 1 6 .7
Spica F - ML 15 20.3 27.5 311* 1 3 . 5
12.5$ E - PLL 10 15.5 19.1 390 30.5
E - ML 10 25.9 21.8 327 2 1 . 0
206 F - PLL 10 10.7 20.0 281* 1 3 .8
Pinnacle F - ML to 19.9 11+.8 212 19.8
12.5# E - PLL 10 10.1* 21.3 306 20.2
E - ML 10 18.8 22.5 191 2U.6
285 F - PLL 10 17. k 23.8 1*06 1 7 . 7
Festiguay F - ML 10 22.9 13.8 366 11*. 9
12.0# E - PLL 10 16.9 13.0 1*28 1 9 .3
E - ML 10 22.9 9.9 3h7 1 3 . 5
286 F - PLL 10 16 .8 27.7 371 1 5 .0
Mendos F - ML 10 28.7 25.8 311 1 5 . 7
12.Q# E - PLL 10 1ty#6 17.9 1*1*1* 16 .3
E - ML 10 19.9 11.3 356 20.1
288 F - PLL 9 1l*.0 22.1* 365 21*.8
Gala F - ML 9 20.8 1 6 ,1 291* 27.1*
11# E - PLL 10 18.7 13.6 1*52 9.9
E - ML 10 29.2 10.8 31*0 17.3
289 F — PLL 10 16 .2 25.2 369 22.1*
Gabo F - ML 10 22.6 23.6 330 21*.3
11.0# E - PLL 10 20.3 21*. 0 1*91* 23.1*
E — ML 10 27.5 20.8 1*07 22.1*
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TABLE A3 - CONTINUED
Sample Loading No. of Load Std. Load Std.and
Moist. Dev# Index Dev#
Cent# Position Readings lb# $ lb. $
291 F - PLL 10 10.1 29.t 335 22#1
Spiea F - ML 10 13.7 26.2 276 1 9 . 4
11.5$ E - PLL 10 17.2 15.1 419 16#0
E - ML 10 2 6#L?. 22# 7 340 16 .0
498 F - PLL 15 13.5 18.2 357 16*9
Spiea F - ML 15 18.1 26.0 312 18.1
11.5$ E - PLL 9 15.8 20#2 420 24.4
E - ML 9 26.7 21.7 337 24.2
501 F - PLL 13 15.1 28.4 412 20.6
Spica F - ML 13 19.7 27.O 346 22.0
11.5$ E - PLL 10 17.9 9.4 479 2 1 . 4
E - ML 10 29«2 13.0 401 1 9 . 4
504 F - PLL 15 1Í+.9 28.7 i|06 2 3 .7
Spica F - ML 15 19.1 18.1 370 26.8
11.5$ E - PLL 10 17.8 36.2 440 25.3
E - ML 10 28.9 31.9 379 25.1
507 F - PLL 14 13.7 22.9 389 20.9
Spica F - ML 1H 18.1 27.2 346 19 .3
11.5% E - PLL 10 18.6 21 #2 467 1 5 . 1
E - ML 10 29.4 18.5 418 1 9 . 4
561 F - PLL 1U 13.7 1 6 #I|. 351 25.1
Chile 1B F - ML 1U 22.7 2 3 .5 242 26.5
12.0$ E - PLL 9 11.3 24.9 284 18.9
E - ML 9 23.5 15.7 191 24.2
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TABLE A 3 -  CONTINUED
Sample
and
Moist«
Cont.
Loading
Position
Ho. of 
Readings
Load
lb.
3td.
Dev.
%
Load
Index
Ib.
Std.
Dey.
%
562 F _ PLL 15 19.2 36.9 1*51* 29.9
Falcon F - ML 15 28.0 25.3 31*7 20.0
12,596 E - PLL 10 16.7 22.7 328 30,7
E - ML 10 29.3 25.1* 252 20.8
563 F - PLL 15 15.0 28.2 376 1 6 .9
Festiguay F - ML 15 21.2 27.6 310 1 5 . 2
11.536 E - PLL 10 1 5 .9 23.9 1+36 27 .2
E - ML 10 27.0 1 6 .i* 316 22.1
561* F - PLL 1M- 1 2 . 3 22.3 313 1 5 . 7
Glenwari F - ML *\k 18.5 26.0 250 2 2 .7
1 2 .0^ E - PLL 10 15.1 18.1* 1*38 18 .0
E mm ML 10 22.1 22.0 31*0 31.8
565 F PLL 16 11*. 6 21.9 337 18.9
Heron F - ML 16 21*. 0 15.2 255 21*. 8
it »5% E - PLL 9 I6 .5 7.5 U59 11+.3
E - ML 9 29.1 11.9 230 13.1*
566 F — PLL ik 11.1 21.0 273 18.7
Mexico F - ML 1U 17.7 22.7 221 11+.6
120 E - PLL 8 11.2 1+8.9 268 27.8
1 2 .5# E « ML 8 25.1 20.3 218 33.8
568 F — PLL 1U 9.!* 29.3 231+ 20.1*
Olympic F - ML 1U 16.1 36.2 156 25.3
A103 E - PLL 9 11.0 ,39.6 305 31.8
1 2 .0^ E - ML 9 20.U 13.8 166 30.9
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TABLE A3 - CONTINUED
Sample 
and 
Moist* 
G ont*
Loading
Position
Ko. of 
Readings
Load
lb.
Std.
Dev.
#
Load
Index
Ib.
Std.
Dev.
#
746 F mm- PLL 10 19.8 19.3 443 1 3 .2Festiguay F - ML 10 28.6 16.7 387 9.0
12.0# E - PLL 10 21 .4 15.1* 478 22*7
E - ML 10 27*2 14.1 ¥+9 20.2
747 F - PLL 10 27.1 20.1 573 1 5 .4
Gabo F - ML 10 37.5 29.7 518 1 6 .u
12.0# E - PLL 10 20.U 14.2 518 1 4 .7
E - ML 10 30.0 9.8 397 9.5
748 F - PLL 10 24.9 29.4 1*67 21.5
Gala F - ML 10 30.8 11*. 2 410 17.4
11.0# 1 - PLL 10 22.1 13.0 533 18 .8
E - ML 10 32.1 23.6 418 20.9
751 F - PLL 9 23.u 29.0 501 29.0
Mendos F - ML 9 32.8 21.7 400 18.9
12.0# 1 - PLL 10 1 5 . 7 15.7 439 25.6
E - ML 10 22.1 16.3 333 24.8
753 F - PLL 10 1 5 . 2 i|3.6 446 37.0
Spica F - ML 10 18.9 35.9 397 39.2
11.556 E - PLL 9 18.6 15.2 462 16 .6
E Mi ML 9 30.1 1i*.8 360 19.8
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TABLE A3 - CONTINUED
Sample
and
Moist*
Gont.
Loading
Position
No* of 
Readings
Load
lb.
Std.
Dev.
%
Load
Index
lb.
Std.
Dev.
*
6501 F — PLL 10 15.0 27.1 368 23.1
Gamenya F - ML 10 22.6 26.3 279 27.1
12.556 E - PLL 9 13.9 1*2.0 320 27.0
E - ML 9 23.0 15.5 231+ 31.5
6502 F - PLL 10 21.3 25.9 1*86 21*. 6
Falcon F - ML 10 29.8 21.1* 385 21*. 7
12.036 E - PLL 7 18.8 12.0 ¿*51 16.2
E - ML 7 31*. 1 8.8 330 11.9
6503 F - PLL 10 9.6 1U*6 326 11*.1*
Heron F - ML 10 21 .7 20.9 188 17.5
1 2 .03s E - PLL 10 9.3 1 5 .8 21*9 17.1*
E - ML 10 20.1 it*. 5 158 21.5
65011 F - PLL 10 1 8 .3 19.3 ¿*05 22.0
Mendos F - ML 10 26.0 16.7 323 25*1
12.556 E - PLL 10 16 .8 17.7 371* 21*. 0
E - ML 10 23.6 13.1* 292 23.0
6505 F - PLL 10 1 5 . 6 30.9 1*12 16.3
Festiguay F - ML 10 1 9 .2 26.1* 307 22.0
12.056 E - PLL 10 1 5 .0 15.2 326 19.9
E - ML 10 2 5 .5 21.1+ 267 9.0
6506 F - PLL 10 7 .5 17.9 203 21.6
Gamenya F - ML 10 1 5 . 0 18.5 11*5 20.0
1 1 .5^ E - PLL 9 9.3 1 7 . 1 193 19.7
E - ML 9 18.0 13.9 11*2 22.1*
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TABLE A3 - CONTINUED
Sample
and
Moist«
Cont«
Loading
Position
No. of
Readings
Load
It.
Std.
Bev«
#
Load
Index
It).
Std.
Dev.
#
6507 F - PLL 10 11.9 20.8 323 1 5 . 5
Falcon F - ML 10 20.5 18.1 261 1 7 . 5
1 1 .5# E - PLL 10 1 6 . 1 23.8 284' 27.1
E - ML 10 23.6 19.7 235 1 9 . 5
6508 F - PLL 10 8*6 37.3 257 25.9
Heron F - ML 10 1 7 . k 21 .1 154 29.9
11.5# E - PLL 10 1 0 .1 24.6 198 1 3 . 5
E - ML 10 1 7 .0 18.5 147 22.6
6509 F - PLL 10 5.3 25.2 179 23.6
Olympic F -ML 10 9.4 21.5 116 29.4
A 103 E - PLL 10 7.7 29.3 169 20.0
11.5# E - ML 10 13.2 17.1 129 16 .3
6510 F - PLL 10 13.7 19.4 315 20.2
Pinnacle F - ML 10 24. 1 22.9 196 1 6 . u
11.3* E - PLL 10 12.8 18 .8 316 12.3
1 - ML 10 24.5 12.7 183 12.9
6511 F - PLL 10 17.0 22.7 424 26.6
Festiguay F - ML 10 23. h 22*7 291 17.1
12.0# E - PLL 10 15.9 26.3 385 17.7
E - ML 10 28.0 2 1 . 7 275 17.4
6512 F - PLL 10 11.11 26*2 323 13.7
Heron F - ML 10 21.6 10 .7 200 17.4
1 2 .0# E - PLL 10 12.5 1 7 . 3 336 16.7
E - ML 10 24.5 1 5 .3 202 17.1
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TABLE A3 - CONTIHUED
Sample
and
Moist«
Gont.
Loading
Position
Ho* of 
Readings
Load
lb.
Std.
Dev*
%
Load
Index
lb*
Std.
Dev.
%
6513; F - PLL 10 11.6 25.3 310 1 7 . 4
WindeLri F - ML 10 18 .4 38.5 255 2 3 .5
1 2 .0# £ - PLL to 16*U 14.2 434 14 .2
E - ML 10 28.1 12*2 282 16 .8
6511+ F - PLL 10 1 3 . 1 37.1 340 25.9
Bordan F - ML 10 19.2 30.2 257 21.8
12.0# £ - PLL 10 14.0 33.2 345 21.7
E - ML 10 24.8 23 .5 227 29.9
6515 F mm PLL 10 11.9 24.4 313 20.4
Glenwari F - ML 10 18.9 23 .5 234 15.0
1 2 .0 E - PLL 10 14.9 1 3 .3 371 19.2
E - ML 10 23.9 1 5 . 3 261 14.9
6516 F - PLL 10 9.5 23.1 242 14.2
Olympic F - ML 10 15.1 25.4 173 19.7
A103 E - PLL 10 11.3 29.5 320 17.3
1 1 .55s E - ML 10 20.5 1 5 . 4 204 23.1
6517 F - PLL 10 10.9 34.5 279 23.4
Gamenya F - ML 10 17.2 22.9 219 31.1
U.5% E - PLL 10 10.4 44.9 251 23.9
E - ML 10 18.0 36.7 178 38.0
6518 F - PLL 10 18.4 20.1 426 13.1
Falcon F - ML 10 25.5 14 .1 380 15.7
il..»* E - PLL 10 16*3 25.6 343 30.6
E mm ML 10 26.O 23.7 277 30.4
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TABLE A3 - CONTIMUEB
Sample
and
Moist*
Cont*
Loading
Position
Ho. of 
Readings
Load
IL.
Std.
Bev.
%
Load
Index
lì).
Std.
Bev.
%
6519 F - PLL 10 9.U 26.1+ 289 18.1
Heron F - ML 10 17.2 23.7 188 25.6
11.5# E - PLL 10 9.6 21+.9 21+9 20.1
E - ML 10 21.6 11+.7 11+6 19.5
6520 F - PLL 10 7.8 23.3 283 16.5
Olympic F - ML 10 15*6 28.9 177 23.1
A103 E - PLL 10 9.6 23.6 21+6 16.7
11.0# E - ML 10 16.2 21 .2 171 13.8
HOTE :
1. All moisture readings were taken using a
Marconi Moisture Meter and wkole grains*
2. F - flat position
1 - edge position
PLL - proportional limit load
- maximum or fracture loadML
TABLE AU - MEAN IX)AD AMD MEAN INDEX VALUES POR ALL SAMPLES FOR WHICH SYMES ' INDEX KNOWN
Variety
Name
Variety
Number
Symes’
P.3.1*
Flat Prop Limit Flat Max Load Edge Prop Limit Edge Max Load
No of 
Read­
ings
Mean
Load
Mean
Index
No of 
Read­
ings
Mean
Load
*Mean
Index
No of 
Read­
ings
Mean
Load
Mean
Index
No of 
Read­
ings
Mean
Load
Mean
Index
Dural 187 5.8 18 33.3 690 17 40.5 570 10 22.9 644 10 43.5 560
Falcon 562 12.5 15 19.2 454 15 28.0 347 10 1 6 .7 328 10 29.3 252
6502 10 2 1 . 3 486 10 30.0 385 7 18.8 451 7 34.1 330
6507 10 11.9 323 10 20.5 261 10 1 6 . 1 284 10 23.6 235
6518 10 18.4 426 10 25.5 380 10 16.3 343 10 26.0 277
Grand Means 45 17.9 426 45 26.2 344 37 16 .8 343 37 27.8 269
Festi- 285 12.9 10 17.4 406 10 22.9 366 10 16.9 428 10 22.9 347
guay 563 15 1 5.0 376 15 21 .2 310 10 15.9 U36 10 27.O 316
746 10 19.9 443 10 28.6 387 10 21 .4 478 10 27.2 449
6305 10 15.6 412 10 19.2 307 10 15.0 326 10 25.5 267
6511 10 I7.O 424 10 23.4 291 10 15.9 385 10 28.0 275
Grand Means 55 I6.8 409 55 22.9 330 50 I7.O 411 50 26.2 331
Gala 204 14.1 15 19.8 420 15 24.1 357 9 20.9 1+88 9 32.4 410
288 9 14.0 365 9 20.8 294 10 18.7 452 10 29.2 340
748 10 24.9 467 10 30.8 410 10 22.1 533 10 32.1 418
Grand Means 34 19.8 419 34 25.2 356 29 20.5 491 29 31.2 389
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TABLE A4 - CONTINUED
Variety
Name
Variety
Number
Byrnes'
P.S.I.
Plat Prop Limit Plat Max Load Edge Prop Limit Edge Max Load
No of 
Read­
ings
Mean
Load
Mean
Index
No of 
Read­
ings
Mean
Load
Mean
Index
No of 
Read­
ings
Mean
Load
Mean
Index
No of 
Read­ings
Mean
Load
Mean
Index
Gabo 201 14.3 18 19.4 401 17 26« 6 328 9 18.9 488 9 33.5 334
289 10 16 .2 369 10 22.6 330 10 20.3 494 10 2 7 .5 407
747 10 27.1 572 10 37.5 518 10 20.4 518 10 30.0 397
Grand Means 38 20.6 438 37 28.5 380 29 19.9 501 29 30.2 381
Spica 205 18.6 15 15.6 370 15 20.3 314 10 15.5 390 10 25.9 327
291 10 10.1 335 10 13.7 276 10 17.2 419 10 26.4 340
498 15 13.5 357 15 18.1 312 9 15.8 420 9 26.7 337
501 13 15.1 412 13 19.7 3U6 10 1 7 .9 479 10 29.2 401
50U 15 14.9 406 15 19.1 370 10 1 7 .8 440 10 28.9 379
507 1U 13.7 389 1U 18.1 346 10 18.6 467 10 29.4 418
753 10 15.2 446 10 18.9 397 9 18.6 Lf.62 9 30.1 360
Grand Means 92 14.1 387 92 18.5 337 68 17.3 439 68 28.1 367
Windebri 6513 18.9 10 11.6 310 10 18.4 255 10 16.U 434 10 28.1 282
Mengavi 200 22.6 15 14.1 346 15 21.6 299 10 1 3 .6 361 10 18.0 307
TABLE Ait - CONTINUED
Variety
Harne
Variety
Number
Syraes*
P.S.I.
Flat Prop Limit Plat Max Load Edge Prop Limit Edge Max Load
No of 
Read­
ings
Mean
Load
Mean
Index
No of Read­
ings
Mean
Load
Mean
Index
No of 
Read­
ings
Mean
Load
Mean
Index
No of 
Read­
ings
Mean
Load
Mean
Index
Gameaya 202 23.2 18 16*8 344 18 21.2 30U 7 1 3 . 5 324 7 26.0 237
6501 10 15 .0 368 10 22.6 279 9 13 .9 320 9 23.0 234
6506 10 7 .5 203 10 15.0 1145 9 9.3 193 9 18.0 142
6517 10 10 .9 279 10 17*2 219 10 10.1+ 251 10 18.0 178
Grand Means k& 13.2 306 1*8 1 9 .i» 248 35 11.6 268 35 20.9 195
Bordan 6514 25.8 10 13.1 340 10 19.2 257 10 11+.0 31*5 10 24.8 227
Glen- 56U 27.3 1U 1 2 .3 313 11* 18.5 250 10 15.1 438 10 22.1 340
warl 6515 10 11.9 313 10 18.9 234 10 1 U .9 371 10 23.9 261
Grand Means 24 12.1 313 24 18.7 243 20 15.0 405 20 23.0 301
Pinn- zog 28. 4 10 1 0 .7 284 10 19.9 212 10 10.1+ 306 10 18.8 191
acle 6510 10 1 3 . 7 313 10 24.1 1 96 10 12.8 318 10 24.3 183
Grand Means 20 12.2 300 20 22.0 20U 20 11.6 311 20 21.6 187
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TABLE AU - CONTINUED
Variety-
Name
»
Variety-
Number
Symes*
P.S.I.
Plat Prop Limit Plat Max Load Edge Prop Limit Edge Max Load
No of 
Read­ings
Mean
Load
Mean
Index
No of 
Read­ings
Mean
Load
Mean
Index
No of 
Read­
ings
Mean
Load
Mean
Index
No of 
Read­ings
Mean
Load
Mean
Index
Heron 565 29.5 16 1 U.6 337 16 2ft.O 255 9 16.5 U59 9 29.1 300
6503 10 9*6 326 10 21 .7 188 10 9.3 2ft9 10 20.1 158
6508 10 8.6 257 10 17.u 15ft 10 10.1 198 10 1 7 .0 1ft7
6512 10 1 1 .¿4» 323 10 21.6 200 10 1 2 . 5 336 10 2ft.5 202
6519 10 9.ft 289 10 17.2 188 10 9.6 21+9 10 21 .6 1
Grand Means 56 11 .1 310 56 20.8 203 ft9 1 1 . 5 295 ft9 22.3 188
Chile 561 3 1 .9 1ft 13.7 351 1U 22.7 2ft2 9 11.3 28ft 9 2 3 .5 191
1B
Mexico 566 32.3 1U 11 .1 273 1U 1 7 . 7 221 8 11.2 268 8 25.1 218
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Total Number of 
Readings 537
535 ft33 ft33
Total Number of Varieties - 16 
Loading Rate - 0.26 in./min. 
Moisture Content Range - 11 to 13 %
NOTE : Symes’ P.S.I. is not known for Mendos or Olympic A103 so these samples have been 
excluded from this Table and the regression equations of Load and Load Index
versus Symes’ Index
TABLE A5 - LOAD INDEX V'S SYMES' PARTICLE SIZE INDEX - REGRESSION EQUATIONS
Sample Loading No. of No. of Linear Regression F Oorr. Stud-
Grouping Position Vari­eties Read­ings Equations Ratio Goeff. ent* sT
19614/ 65*1965/66 F -PLL 15 493 L.I. s 564 - 9.35 X S.I. 9.53 -0.559 14.96
Harvest F - ML 15 1+91 L.I. 3 499 — 9.78 X S.I. 7.69 -0.625 17.70
Samples E - PLL 15 394 L.I. 3 563 - 8.85 X S.I. 1 1 . 7 4 -0.477 10.74
E - ML 15 391+ L.I. = 487 - 9.57 X S.I. 16.21 -0.580 14.10
19614/ 65*1 965/66 F - PLL m 1+75 L.I. ss 510 - 7.06 X S.I. 2.69 -O.i4.65 11 .U1
Harvest Samples F - ML 1U 1+71+ L.I. = 464 - 8.24 X S.I. 4.08 -0.563 14.80
less E - PLL 381+ L.I. 3 537 - 7.71 X S.I. 11.07 -0.419 9.02
187 Dural E - ML 1U 381+ L.I. 3 461 - 8.46 X S.I. 15.04 -0.527 12.12
196U/65,1965/66 F - PLL 9 31+8 L.I. S 534 _ 8.12 X S.I. 1.97 -0.469 9.88Harvest Samples 
of Varieties for F - ML 9 347 L.I. 3 504 -10.02 X S.I. 3.28 -0.584 13.36
which SymesT PSI E - PLL 9 278 L.I. 3 523 - 7.18 X S.I. 17.00 -0.362 6.45determined 5x 
or more E - ML 9 278 L.I. 3 464 - 8.67 X S.I. 24.88 -0.494 9.43
196U/65 F - PLL 13 333 L.I. = 585 - 9.94 X S.I. 8.45 -0.562 12 .3 7Harvest F - ML 13 331 L.I. = 511 - 9.41 X S.I. 4.93 -0.594 13 .39
Samples E - PLL 13 239 L.I. = 597 - 8.80 X S.I. 6.59 -0.461 8.00
E - ML 13 239 L.I. 3 514 - 9.10 X S.I. 7.55 -0.547 10.07 134
TABLE A5 - CONTINUED
Sample Loading No. of No.of Linear Regression F Gorr. Stud-
Grouping Position Vari­eties
Read­
ings Equations Ratio Coeff. ent* s T
1964/65 F - PLL 12 315 L.I. s s 513 - 6.70 X S.I. 1 .5 6 -O.427 8.36
Har^st Samples F - ML 12 314 L.I. s 463 - 7.26 X S.I. 1 .2 4 -0.498 1 0 .1 6
less E - PLL 12 229 L.I. ss 565 - 7.30 X S.I. 6 .14 - 0.381 6.20
187 Dural E - ML 12 229 L.I. 3S 481 - 7.57 X S.I. 6.54 -0.lj.66 7.94
1964/65 F - PLL 6 91 L.I. = 528 - 8.23 X S.I. 0.24 -0.510 5.59
Harvest Samples F - ML 6 90 L.I. = 450 - 7.21 X S.I. 1.68 -0.472 5*02
Number E —PLL 6 55 L. I. S 663 -13 .32 X S.I. 0.33 -O.5OO 4.20
200 to 206 E - ML 6 55 L.I. = 556 -12 .53 X S.I. 1 .7 8 -0.635 5.99
1964/65 F —PLL 8 218 L.I. z z 551 -  8.56 X S.I. 0.79 -0.424 6.87Harvest Samples 
of Varieties for F - ML 8 217 L.I. =: 491 -  8.48 X S.I. 1 . 1 1 -0.450 7.38
which Symes’ PSI E - PLL 8 153 L.I. = 511 -  4.33 X S.I. 8.77 -0.197 2.48determined 5x 
or more E - ML 8 153 L.I. = Lfl*8 -  5.76 X S.I. 1 0 . 1 7 -O.305 3.94
1965/66 F - PLL 8 1 60 L.I. s 485 -  6.74 X S.I. 2.87 -0.481 6.89
Harvest F - ML 8 160 L.I. = 423 -  8.03 X S.I. 2.51 -0.641 10.49
Samples E - PLL 8 155 L.I. = 419 - 4.75 X S.I. 8.6if -0.347 4.58
E - ML 8 155 L.I. ss 352 - 5.96 X S.I. 6.31 -0.572 8.6I 135
TABLE A5 - CONTINUED and TABLE A6
Sample Loading No*of No.of Linear Regression F Corr* Stud-
Grouping Position Vari­eties Read­ings Equations Ratio Goeff. ent* sT
1965/66 F - PLL 6 130 L.I. = 477 - 6.38 x S.I. 3 .10 -0.440 5.54Harvest Samples of Varieties for F - ML 6 130 L.I. = 1+1*8 - 8.91» x S.I. 2 .6U -0.654 9.78
which Byrnes* PSI E - PLL 6 125 L.I. = 389 - 3.82 x S.I. 7.50 -0.271 3.12determined 5x 
or more E - ML 6 125 L.I. = 343 - 5.70 x S.I. 6.99 -0.512 6.62
TABLE A6 - LOAD Y'S SYMES* PARTICLE SIZE INDEX » REGRESSION EQUATIONS
19 6U/65,1965/66 F - PLL 15 493 L. = 25.9 - 0.52 x S.I. 11.44 -0.550 14.60
Harvest F - ML 15 491 L. = 30.7 - 0.42 x S.I. 13.74 -0.390 9.36
Samples E - PLL 15 394 L. = 23.9 - 0.41 x S.I. 6.11 -0.589 14.43
E - ML 15 394 L. = 35.5 - 0.47 x S.I. 8.84 -0.471 10.57
196^/65 »1965/66 F - PLL 1U 475 L. = 22.8 - 0.39 x S.I. -0.460 11.27
Harvest Samples F - ML 1U 474 L. «> 27.3 - 0.27 x S.I. 8.21 -0.271 6.11
less E - PLL 1U 384 L. = 23.6 - 0.40 x S.I. 6.67 -0.565 13.38
187 Dural E - ML 1U 384 L. = 33.4 - 0.38 x S.I. 6*11+ -0.400 8.54
o\
TABLE A6 - CONTINUED
Sample Loading No.of No.of Linear Regression p Gorr. Stud-
Grouping Position Vari­eties
Read­
ings Equations Ratio Goeff.
ent1 s
T
1964/65,1965/66 F _ PLL 9 3U8 L. = 23.7 — o.uu X S.I. 3.78 -0.1+63 9.72Harvest Samples 
of Varieties for P — ML 9 3U7 Le — 28.3 - 0.32 X S.I. 1 1 .5 8 -0.278 5.37
which Symes’ PSI £ — PLL 9 278 L. = 23.9 - 0.U1 X S.I. 8.13 -0.5U5 10.80determined 5x or more E - ML 9 278 L. = 35.0 - 0.U6 X S.I. 5.97 -0.I+33 7.98
1 96U/65 P — PLL 13 333 L. = 27.1 - 0.5U X S.I. 1 1 . 5 3 -0.535 11.51
Harvest P - ML 13 331 L. = 32.1+ - 0.U9 X S.I. 13.69 -0.U12 8.20
Samples E - PLL 13 239 Le ä 2U.7 - O.kO X S.I. 3.87 -0.578 10.89
E - ML 13 239 L. = 36.7 - 0.M.8 X 3.1. 9.33 -O.l4.U5 7.65
1 96U/65 P - PLL 12 315 L. — 22.9 - 0.36 X S.I. 5.06 -0.U02 7.76
Harvest Samples P - ML 12 31U Le = 27.8 - 0.29 X S.I. 8.71 -0.256 U*68
less E - PLL 12 229 L. = 2U.5 - o.U-0 X S.I. U.l+7 -0.551 9.95
187 Dural E - ML 12 229 L. = 33.5 - o.3U X S.I. 6.86 -0.332 5.29
196U/65 P - PLL 6 91 L. = 27.1 - 0.5U X S.I. 1 .7 3 -O.5OO 5.U5
Harvest Samples P - ML 6 90 L. = 30.2 m m 0.39 X S.I. 1.27 -0.300 2.95
Number E - PLL 6 55 L. = 2 7. U - 0.59 X S.I. 0.16 -O.699 7.13
200 to 206 E - ML 6 55 L. = U3.6 - 0.91 X S.I. 1.98 -0.588 5.29
TABLE A6 - CONTINUED
Sample Loading No.of No. of Linear Regression F Gorr. Stud-
Grouping Position Vari­eties
Read­
ings Equations Ratio Coeff.
entfs
T
1 961+/65 F _ PLL 8 218 L. s 23.6 - 0.40 X S.I. 6.53 -0.361 5.70Harvest Samples of Varieties for F - ML 8 217 L. = 28.7 - 0.55 X S.I. 1 2 . 1 5 -0.235 3.55
which Symes’ PSI E - PLL 8 153 L. » 24.0 - 0.37 X S.I. 5.95 -0.455 6.28
determined 5x E «H» ML 8 153 L. _ 36.8 0.51 X S.I. 6.80 -0.388 5.17or more
1965/66 F - PLL 8 160 L. 3= 21 .0 - 0.37 X S.I. 2.78 -0.517 7.60
Harvest F - ML 8 160 L. 33 25.7 - 0.23 X S.I. i+. 10 -O.269 3.51
Samples E - PLL 8 155 L. « 20.2 - 0.31 X S.I. 4.65 - 0 . 5 0 6 7 .2 6
E - ML 8 155 L. 3= 31 .2 - 0.34 X S.I. 4.48 -0.407 5.52
1965/66 F — PLL 6 130 L. sr 21 .7 - 0.39 X S.I. 3 .1 0 -0.514 6.77
Harvest Samples 
of Varieties For F - ML 6 130 L. s? 28.2 - 0.31 X S.I. 4.67 -0.351 4.24which Syraesf PSI E - PLL 6 125 L. = 20.5 — 0 .3 2 X S. I. 5.51 -0.487 6.19
determined 5x E ML 6 125 L. = 3 0 .2 0.31 X S.I. 5.55 -0.355 4.21or more
VjJ
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TABLE A7 - PEARLING IHDEX FOR 1965/66 SAMPLES
Sample Number Variety Pearling Index
6501 Gamenya u .93
6502 Falcon 5.33
6503 Heron 3.35
650U MencLos 5.25
6505 Festiguay 5.55
6506 Gamenya 2.98
6507 Falcon U. 53
6508 Heron 3.10
6509 Olympic A103 2.50
6510 Pinnacle 3.15
6511 Festiguay 4.70
6512 Heron 3.90
6513 Windefcri U.70
651 i+ Bordan 3.73
6515 Glenwari 3.08
6516 Olympic A103 2.98
6517 Gamenya 3.85
6518 Falcon 5.25
6519 Heron 3.30
6520 Olympic A103 3.13
TABLE A8 - LOAD INDEX V'S PEARLING- INDEX - REGRESSION EQUATIONS
Sample
Grouping
Loading
Position
No. of 
Samp­
les
No.of 
Read­
ings
Linear Regression 
Equations
F
Ratio
Oorr. 
Coeff•
Stud­
ents
T
1965/66 P - PLL 1 ? 200 L.I. * k9.2 + 69.6 x P.I. 2.79 0.695 1 2 . 3 3
Harvest F - ML 1 7 200 L.I. =-%5.9 + 70.7 x P.I. 3 . 1 1 0.71*8 15 .8 8
Samples E - PLL 17 195 L.I. =101.7 + 51.9 x P.I. 7.50 0 .510 8.21*
E - ML 1 7 195 L.I. = 17.6 + 50.2 x P.I. u .93 0.650 11.87
TABLE A9 - LOAD V'S PEARLING INDEX - REGRESSION EQUATIONS
1 965/66 F - PLL 1 7 200 L. = -2.21 3.68 X P.I. 1*.09 O .679 13.00
Harvest P - ML 1 7 200 L. = 6.37 3.U1 x P.I. 5.85 0.511 8.37
Samples E - PLL 17 195 L. = 2.31+ + 2.69 x P.I. 3.71 0.587 10.07
E - ML 17 195 L. = 8.78 + 3.U9 X P.I. 6.97 0.51*1+ 9.01
1U
O
TABT.B AiO - SUMMARY OP LOAD AND LOAD INDEX VALUES FOR INDIVIDUAL SAMPLES
VARIETY : 6501 GAMENYA
Moisture
Content
%
Loading 
Rate 
in./min.
Flat Position - Prop Limit Load Flat Position •- Maximum Load
Load
1 8 .
Std.
Dev.
%
Load
Index
It).
Std.
Dev.
%
Load
lb .
Std.
Dev.
%
Load
Index
lb.
Std.
Dev.
%
0.25 14.7 29.0 406 28.6 19.7 23.4 397 2 7 .5
1 1 5 .8 19.9 404 15.9 19.1 13.2 371 1 U .6
8 5 15.1 28.0 405 17.8 22.3 26.7 395 26.2
10 1 6 .1+ 30.1 423 25.4 20.9 27.4 393 26.0
20 17.6 17.3 443 19.2 21 .3 15.7 399 19.0
30 19.8 26.7 474 21.6 22.7 20.3 400 24.9
40 22.9 22.0 514 16.8 26.6 18.2 488 22.9
0.25 11.8 27.8 356 16.4 16.9 24.7 283 19.8
1 13.5 28.3 388 21.7 18.3 34.5 326 1 6 . 1
12 5 13.2 38.1 397 21.1 20.0 21.4 342 27.6
10 13.3 19.6 382 17.0 20.6 23.4 346 2 2 .4
20 15.0 29.6 393 26.5 19.3 26.5 314 23.1
30 17.0 34.7 387 17.3 20.8 25.5 321 2 1 . 5
40 18.2 35.5 476 29.3 23.2 21.9 365 28.9
TABLE A10 - CONTINUED VARIETY : 6501 GAMENYA
Moisture
Content
%
Loading
Rate
in./min.
Flat Position - Prop Limit Load Flat Position - Maximum Load
Load
lb .
Std.
Dev.
%
Load
Index
lb.
Std.
Dev.
%
Load
lb .
Std.
Dev.
%
Load
Index
lb.
Std.
Dev.
%
0.25 9.1 23.3 237 25.3 15.3 1 6 .6 189 2 3 .7
1 9.7 29.2 280 22.3 17.3 14 .9 194 3 1 . 1
16 5 10.2 35.0 289 27.6 17.0 17 .8 212 22.7
10 11.2 47.0 301 22.8 17.2 19 .8 237 31.4
20 11.0 33.9 358 30.6 17.0 21.7 225 29.0
30 13.2 33.2 331 26.6 17.5 1 5 . 3 247 15.6
40 13.1 26.6 358 16 .7 18.1 14 .1 262 23.8
0.25 3.6 11.6 125 14.9 1^.6 24.0 76 11.7
1 M-.1 13.3 135 1U.6 1 4 .7 29.3 93 21.7
20 5 5.8 19.3 142 16.6 1 6 .u 28.1 93 23.9
10 6.8 1U.6 169 1 7 . 3 1 7 .6 1 3 .9 112 21 .2
20 6.U 16 .7 150 2 1 . 3 1 5 .8 21.8 102 26.0
30 7.6 52.3 150 18.5 1 5 .8 22.5 101 3 1 .0
40 7.6 19.2 1 51 23.4 16 .8 1 6 .1 98 24.6
TABLE AIO - CONTINUED VARIETY : 6502 FALCON
Moisture
Content
%
Loading
Rate
in./min.
Plat Position - Prop Limit Load Plat Position - Maximum Load
Load
lb.
Std.
Dev.
%
Load
Indexlb.
Std.
Dev.
%
Load
lb.
Std.
Dev.
%
Load
Indexlb.
Std.
Dev.
%
0.25 23.9 29.1 556 15.1 28.0 23.8 502 1 3 .6
1 26.3 33.5 603 21 .1 31.7 2I+.1 51+7 26.2
8 5 28.1 28.8 620 15.3 31.9 21.6 601+ 1 3 . 1
10 2?. 4 37.4 607 22.7 32.0 29.1 566 21+.5
20 27.4 40.2 611+ 22.5 3Ì+.2 23.3 571 2 7 .3
30 26.1 23.1 61 5 13.7 28.3 17.3 567 15.1
40 25.7 35.9 6U1 20.7 30.2 26.1+ 581 28.6
0.25 17.0 15.4 1+12 9.1 28.7 16.1 289 17.1+
1 18.5 32.3 1+90 25.7 27.8 29.5 383 21.1+
12 5 19.7 23.1 1+92 19.2 29.1 19.2 391+ 18.1
10 20,0 37.8 1+85 16.2 27.1 19.6 381 21+.1
20 21.6 26.4 502 13.5 31.8 18.1 1+13 18.1
30 21.7 U2.3 529 21 .1+ 30.1 31+.0 1+27 26.5
uo 24.2 28.6 51+8 16 .1 33.3 23.2 1+77 28.1
TABLE AIO - CONTINUED VARIETY : 6502 FALCON
Plat Position - Prop Limit Load Plat Position ~ Maximum Load
Moisture Loading Load Std. Load Std. Load Std. Load Std.
Content Rate 16. Dev. Index Dev. ID, Dev. Index Dev.% in*/min. % lb. % % ID. %
0.25 13.1 30.0 31+9 18.1 25.3 1 9 . 5 253 18.2
1 11+.7 l+o .o 329 15.3 23.8 26.0 233 26.3
16 5 15.9 20.8 321 25.8 21+.7 1 5 .8 230 20.8
10 15.3 37.8 352 21 .1 2 3 .7 31 *1 262 23.6
20 19.1 11+.5 1+01 1 6 .7 29.9 18.1+ 270 18.0
30 18.1+ 30.8 375 22.6 28.1+ 21.3 271 18.7
1+0 19.8 19.5 390 19.0 28.8 21+.0 277 11+. 5
0*25 9.0 31.9 176 11.2 22.9 9.9 105 12.1+
1 7.7 30.0 203 19 .2 20.8 13.9 130 27.7
20 5 7.6 28.8 173 26.6 16.9 27.O 109 28.9
10 8.6 17.3 21+1 13.9 20.5 11+.5 159 7.2
20 11 .3 20.3 268 13.3 22.1+ 11+.6 175 18.5
30 11*8 15.7 280 13.9 21+.2 18.9 190 18.1
1+0 11.3 1+3.0 21+5 20.9 22.7 22.0 161+ 26.9
TABLE AIO - CONTINUED VARIETY : 6519 HERON
Moisture
Content
%
Loading 
Rate 
in./min.
Flat Position - Prop Limit Load Flat Position - Maximum Load
Load
lb.
Std.
Dev.
%
Load
Index
lb.
Std.
Dev.
%
Load
lb*
Std.
Dev.
%
Load
Index
lb.
Std.
Dev.
%
0.25 10.3 22.5 313 14.3 19.0 15.6 244 1 3 . 7
1 13.0 29.3 33 3 18.2 18.7 20.2 266 14.5
8 5 11.3 37.0 339 20.1 18.6 17.2 280 20.8
10 15.2 16.7 388 15.8 20.3 20.1 318 1 6 .0
20 1Ì4-.6 21 .2 397 12.0 20.5 11.0 325 1 5.2
30 15.4 1 7 .8 398 14.2 20.3 17.3 307 19.0
40 15.7 21.4 423 15.2 20.8 16.3 300 22.0
0.25 9.2 16.7 250 17.2 17.3 13.6 169 1 4 .7
1 9.1 17.5 251 16.5 16.1 14.3 176 1 3 . 3
12 5 10.6 19.7 254 12.8 16 .8 25.3 180 1 1 . 5
10 9.5 32.1 249 7.9 17.3 18.9 178 1 1 . 4
20 11 .1 41.8 257 19.9 18.3 18.8 184 39.9
30 11.6 24.7 299 17.2 18.9 18.3 211 14.9
40 12.8 23.5 308 18.1 20.2 10.7 226 25.8
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TABLE A10 - CONTINUED VARIETY : 6519 HERON
Moisture
Content
%
Loading 
Rate 
in•/min.
Flat Position - Prop Limit Load Flat Position - Maximum Load
Load
lb.
s t a .
Dev.
%
Load
Index
lb.
Std.
Dev.
%
Load
lb.
Std.
Dev.
%
Load
Index
lb.
Std.
Dev.
%
0.25 6.9 13.9 176 2U.3 15.6 21.2 128 21.2
1 7.1 29.3 19U 16.2 15.2 21 .8 136 19.7
16 5 7.5 32.0 229 1 9 . U 1U.9 1 0 . U 139 1U.2
10 7.7 2U.U 221 20.3 16.0 11.1 159 22.5
20 8.3 23.3 230 11*7 1 7 . u 16.7 151 12.6
30 8.7 23.7 233 15.2 15.9 26.9 1 5 U 21 .3
UO 7.5 22.3 237 15.2 17.0 13.7 159 13.9
0.25 5.1 25.8 100 12.0 13.2 11.2 79 12.6
1 5.3 30.U 89 25.8 12.U 13.0 69 26.3
20 5 5.9 3U.1 90 12.3 15.6 20.5 65 13.5
10 5.2 13.6 81 1 9 . u 13.U 15.9 60 6.6
20 5.8 15.9 86 15.2 I6.6 16.3 6U 10.9
30 6,1 13.8 103 13.5 15.8 1U.0 63 13.8
UO 5.3 17.7 117 20.7 15.1 22.2 75 13.6
APPENDIX 3
GRAPHS PERTAINING TO SECTION 3
Includes Graphs 1 to U3
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£574 Bordan
6 5 /1  h l e r o n  
6S/0 P/onoclc 6513“ Gienwori 
C 5 1 S W/ir»d*bri'
65/6 O l y m p i c .  A t o s
65)8 F û k o n
6 5 id H e r o n  
6 5 2 0  Oi yni >'c A 103 
6 5 n  O û m e n y a
Pore Jeed Areas 
Te M ORA
M oomöooldooi L a t e  Maturíaic
Te m o r a
fARiy Mio-Maruíiirsíc
Temora
GRAPH 2 7 - COMPARISON OF VARIOUS PLOTS
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GRAPH 30-COMPARISON OF VARIOUS PLOTS
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GRAPH 31 -  COMPARISON OF VARIOUS PLOTS
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GRAPH 3 6 -VARIATION OF LOAD INDEX WITH LOADING RATE
FOR FOUR MOISTURE LEVELS
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GRAPH 38- VARIATION OF LOAD WITH LOADING RATE
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4o GRAPH 39- VARIATION OF LOAD WITH LOADING RATE
FOR FOUR MOISTURE LEVELS
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GRAPH4 2 -  VARIATION OF LOAD WITH LOADING RATE
FOR FOUR MOISTURE LEVELS
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APPENDIX k.
SOME NOTES ON THE VARIETIES CONSIDERED.
Bordan was selected from "the cross (Boarded Reiti x Ford) x 
Dan made at Roseworthy Agricultural College, South 
Australia and released in 192U.
It is recommended for early sowing in the better 
rainfall districts. I t is tall growing with straw 
of fair strength and grain of medium strength.
It was a recommended variety in N.S.W. in 1967.
Chile 1B was imported as a commercial variety from South 
America. It is semi-dwarf in character and has 
very poor baking qualities. It is being used in 
breeding programmes but has not been released in 
Australia.
Dural was selected from the cross Aleppo x Palestine and
released in1956. It was selected for the production 
of high quality macaroni-type semolinas. The grain 
is white and vitreous. The straw is of medium 
height and strength. It was a recommended 
variety in N.S.W. in 1967.
Falcon was bred and selected at Temora Agricultural
Research Station from the cross Gular x (Dundee x 
Gular) x Bencubin and released in1960. Falcon is 
classed as a hard wheat, both from the point of
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view of appearance and physical hardness as it 
affects milling. Straw is medium tall and of 
moderate strength. Grain is white and vitreous.
It was a recommended variety in N.S.W. in 1967.
Festiguay was selected at Tamworth Agricultural Research 
Station from the cross Festival x Uruguay made at 
Glen Innes Agricultural Research Station. The 
variety was released in 196U. Straw is fine and 
slender and of moderate strength. Grain is hard 
and has good "bushel weight. It has good baking 
quality, especially at high protein levels. It 
was a recommended variety in N.S.W. in 1967.
Gabo was bred at Sydney University from a Bobin
selection x Gaza and Bobin selection. It was the 
leading variety in the State from 1956 to 1958, but 
it is no longer recommended. Straw is of moderate 
strength. Grain threshes easily but has shown a 
tendency to shatter. Bushel weight is relatively 
low; has exellent baking qualities.
Gala is a popular variety in Queensland but has not
been recommended in N.S.W. because of its low yield; 
is an excellent bread wheat.
Gamenva was selected from the cross Gabo x ((Gabo* x
Q
Mentana) x Gabo x Kenya 117A) and released in I960.
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The grain resembles Gabo in many respects. It has 
excellent baking qualities and is the highest 
yielding variety at present grown in northern areas. 
It was a recommended variety in N.S.W. in 1967.
Glenwari was produced by the Waite Research Institute,
South Australia, from the cross Nabawa x (Riverina x 
Hope) and released in 19^8. It gives a good yield 
but has never been a recommended variety in N.S.W. 
due to its poor baking quality. However, it was 
the leading variety in the State from 1959 to 1962.
Heron was selected from the cross R.D.R. x Lj. Insignia U9 
and released by the Wagga Agricultural Research 
Institute in 1958. It has short, strong straw and 
stands well. The grain is easy to thresh; baking 
quality is in the soft wheat class. Heron is the 
highest yielding early maturing variety in the 
central and southern areas of the State and was the 
most popular variety from 1963 to 1965# It was a 
recommended variety in 1967*
Mendos was bred at Sydney University from the cross ((Spica 
x Koda) x Gabo) x Mengavi sib and released in 196U. 
It has excellent milling and baking qualities. It 
was a recommended variety in N.S.W. in 1967«
M e n g a v i  was selected from the cross (Gabo x Mentana) x 
(Gabo^x (Eureka x C.I. 126321)). The grain has
19U
similar “baking qualities to Gabo.
Mexico 120 - remarks similar to Chile 1B apply.
Olympic A1Q3 The variety Olympic was originally selected
from the cross Baldmin x Quadrant made at the State 
Research Farm, Werribee, Victoria, in 1937* It 
was reselected as Olympic A103 at Longerenong 
Agricultural College in 1956* It is a mid-season 
variety with a straw which is medium tall and of 
fairly good strength; it is tough to strip. It was 
a recommended variety in N.S.W. in 1967.
Pinnacle was the result of a selection from Pindar, made at 
the Victorian Department of Agriculture and 
released in 19U6. It is a late maturing wheat with 
short, strong straw; baking quality is in the soft 
wheat class. It was a recommended variety in H.S.W. 
in 1967.
Snica was bred in 193U by the Queensland Department of
Agriculture from a cross(Three Seas x Kamburico) x 
(Pusa x Flora 3202) and released in 1952. It is a 
particularly free milling wheat. It has been 
classed as strong in its baking quality under older 
baking methods, but is now suspect in the automated 
bakehouse. It was a recommended variety in N.S.W. 
in 1967.
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Windebri was released in 1959. It is a winter wheat 
with tall straw of moderate strength; grain is 
strong in baking quality. It was a recommended 
Tariety in N.S.W* in 1967,
Generally, these notes have been extracted from refer­
ences (52 to 55).
APPENDIX 5.
METHOD FOR THE DETERMINATION
OF SYMES* PARTICLE SIZE INDEX.
A 10 gram sample of wheat is ground in a Lahconco 
mill set to grind as finely as possible* The mill is 
fitted with a gravity feed, consisting of a funnel and a 
5 inch length of 7/8 inch diameter pipe, to ensure a 
uniform rate of grinding. The meal is sieved through 200 
mesh brass cloth (opening 7U.jlx)  , in half height, 8 inch 
diameter Tyler sieves, each with its own cover and bottom 
pan. Six such units are plaeed on a Ro-tap sieve shaker 
for 10 minutes, whole wheat being placed on the sieve with 
the meal to prevent clogging the sieve. The material 
passing through the sieve is weighed to the nearest 0.01 
gram and, expressed as a percentage, is called the particle 
size index. With this technique the coefficient of 
variation of a control sample over a period of several 
months was 2.3$#
Plate 9 shows a general view of the equipment used by 
Symes for his determinations.
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PLATE 9 - GENERAL VIEW OP THE EQUIPMENT USED FOR THE
determination op s y m e s* particle size i n d e x.
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APPENDIX 6
Jc'k’k'k'k'k'k'k'k'k
TYPICAL COMPUTER OUTPUT FOR INDIVIDUAL VARIETIES
’k ’k ic k ic k 'k 'k 'k 'k 'k J c 'k 'k ic 'k lc r k ic 'k 'k 'k ic k ic ’k lc k ic k ie 'k 'k ic Ic 'k 'k 'k 'k 'k ic ’k 'k ’k 'k 'k 'k 'k
VARIETY NUMBER 651C
'k'k'k'krk'k'kicicicic'k'k'k'kic'k'kic
MOISTURE CONTENT 11.5
FLAT POSITION INDEX BASED ON PROP LIMIT LOAD
S I Z E LOAD DEFORM INDEX
1 0.1299 14.2 C.00533 345.62
2 0.1260 9.9 C.CC43C 290.03
3 0.1339 13.1 C.OC512 343.53
4 0.1260 13.2 C.CC880 188.81
5 C. 1299 16.1 C.CC7C6 295.59
6 0.1260 15.4 0.0C442 439.29
7 0.1339 9.5 0.00421 302.42
8 0.1260 18.0 C.C08C9 280.21
9 0.1260 15.4 0.00558 347.25
1C C .1299 12.7 C.00516 319.35
MEAN VARI ANCE STD DEV S . D . - P C
LOAD 13.74 7.074 2.66C 19.35
IINDEX 315. 21 4061.017 63.726 20.22
FLAT P O S I T IO N  INDEX BASED ON MAXIMUM LOAD
SIZE LOAD DEFORM INDEX
1 0.1299 21.3 0.01165 238.07
2 C .126C 16.3 0.00843 243.97
3 0.1339 28.8 C.01937 199.30
4 0.1260 18.2 C.01429 160.19
5 0.1299 27.8 C.C1999 180.75
6 0.126C 32.3 C.C1892 215.41
7 0.1339 18.6 0.0114C 218.69
8 C. 1260 26.1 0.02135 153.88
9 0.1260 29.5 0.01953 190.51
10 C. 1299 22.3 C.01772 163.75
MEAN VARIANCE STD DEV S.D.-PC
LOAD 24. 14 30.465 5.520 22.87
INDEX 196.45 1036.764 32.199 16.39
EDGE P O S I T IO N  INDEX BASED ON PROP L I M I T  LOAD
SIZE LOAD DEFORM INDEX
1 0.1339 11.3 C.OC525 288.10
2 0.126C 14.4 0.CC471 385.86
3 0.1220 12.0 C.CC458 320.28
4 0.1417 14.C C.00686 289.59
5 0.1378 11.2 0.00636 241.90
6 0.1417 12.7 0.00541 333.51
7 0.1378 12.9 C.CC504 352.67
8 0.1417 9.7 C.0C43C 319.48
9 C.1378 11.5 0.00496 320.74
10 0.1417 18.4 0.0C843 309.12
MEAN VARIANCE STD DEV S.D.-PC
LOAD 12.81 5.783 2.405 18.77
INDEX 316. 12 1510.938 38.871 12.30
EDGE P O S I T IO N  INDEX BASED ON MAXIMUM LOAD
SIZE LOAD DEFORM INDEX
1 0.1339 22.3 C.C1863 160.48
2 0.1260 23.8 O.C1334 224.90
3 0.1220 21.3 0.C 1648 158.06
4 0.1417 22.6 C.01644 194.68
5 0.1378 24.3 0.02C9C 160.01
6 0.1417 24.C 0.01809 187.87
7 0.1378 26.0 0.01648 217.39
8 0.1417 24.2 O.C2C53 167.28
9 0.1378 22.2 0.01652 184.89
1 n vs 0.1417 32.2 0.02561 178.33
MEAN VARIANCE STD DEV S.D.-PC
LOAD 24. 29 9.565 3.C93 12.73
INDEX 183.39 558.548 23.634 12.89
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APPENDIX 7.
THE PREPARATION OF ARALDITE SHEET.
The materials used were
Giba - Araldite Epoxy Resin D(CY230) and 
Araldite Epoxy Hardener HY951•
A mould was prepared from two sheets of armour-plate 
glass, separated hy the required thickness and securely 
clamped. Each piece of glass measured 12 in. x 12 in. 
and had its inner surface coated with a film of Releasil 11*. 
The mould was warmed, hy ray lamps, prior to casting.
UU8.5 ce. of resin was heated to 2U0 °E and allowed 
to cool to 95 °F.
Lj.8 . 5 cc. of hardener was heated to 95 °F and mixed, hy 
hand, with the resin for about 15 minutes until the 
temperature of the mixture had reached approximately 120 °P.
The Araldite was then poured into the mould, taking 
care to prevent the formation of air bubbles. The sheet 
was allowed to cure for 14-8 hours and then removed from the
mould.
APPENDIX 8
LISTING OP SELECTED COMPUTER PROGRAMMES
o 
o 
o THEORETICAL ANALYSIS OF A DISC
•k 'k 'k 'irk ie 'k -k 'k -k ft ic k 'k -k 'k J rk 'k 'k 'k ic k 'k 'k 'k -k 'k 'k ie
C PROGRAMME NUMBER ONE
£  it ' k ' k ' k it ic k ' k ' k ic jr k lc k ic k ' k ' k ' k ie
1I u
2C
30
DI MENS I ON RX (20,20). RY (20,20), TXY (20.20), P (20,20), Q (20,20) 
DIMENSION PPQ(2C,2C),PMQ(20,20),I (20)
READ 1C,XLOAD,DI AM,THICK,NET,TMADV 
FORMAT(F7.1.F6.2,F6.3,I3.F6.3)
XLOAD=XLOAD*TMADV
L=NET-1
XNET=L
XNET2=XNET*XNET 
RAD=DIAM/2.
DO kO M=1,L 
XM=M
YY-XM-1.
AJ=SQRTF(XNET2-YY*YY)+1. 
K=AJ
BJ=K
C J = B J -1.
D J = C J * C J + Y Y * Y Y - X N E T2 
I F ( D J ) 30 , 20,30 
A J = A J -1.
J=AJ  
I ( M ) = J
Y = ( X M -1. ) * R A D /X N E T  
DO 40 N =1, J 
XN=N
X = ( X N -1. ) * R A D / X N E T  
R 1= ( X * X + ( R A D - Y ) * * 2)**2 
R2= ( X * X + ( R A D + Y ) * * 2)**2 
P E =2 . * X L 0A D / ( 3 . l 4 l 59* T H I C K )
RX(M,N)=-PE*((RAD-Y)*X*X/R1+(RAD+Y)*X*X/R2-1./DIAM)
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RY(M,N)=-PE*((RAD-Y)**3/R1+(RAD+Y)**3/R2-1./DI AM) 
TXY(M,N)=PE*((RAD-Y)**2*X/R1-(RAD+Y)**2*X/R2) 
A=(RX(M,N)+RY(M,N))*C.5
B=C.5*SQRTF((RX(M,N)-RY(M,N))**2+4.*TXY(M,N )**2)
P(M,N)=A+B 
Q(M,N)=A-B
PPQ(M,N)=P(M,N)+Q(M,N)
PMQ(M,N)=P(M,N)-Q(M,N) 
kQ CONTINUE
PUNCH 60,XLOAD
60 FORMAT(1CX17HDISC LOAD = F7.1.8H POUNDS)
PUNCH 70,DI AM
70 FORMAT(1CX17HDI SC DIAMETER = F8.2.7H INCHES)
PUNCH 80,THICK
80 FORMAT(1CX17HDISC THICKNESS = F8.2.7H INCHES/)
PUNCH 90
90 FORMAT(1X1HM2X1HN5X2HRX7X2HRY6X3HTXY7X1HP8X1HQ7X3HP+Q6X3HP-Q/) 
DO ICO M=1,L 
J = l (M)
DO ICO N=1,J 
U=PPQ(M,N)
V=PMQ(M,N)
PUNCH 1,M,N,RX (M.N),RY(M,N),TXY(M,N),P(M,N),Q(M,N),U,V 
1 FORMAT(2I3,7F9.2)
100 CONTINUE 
END
C DATA USED
36.0 2.03 0.22C 11 4.95
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C LAPLACE SOLUTION FOR THE DISC
Q 'k& itidc'k 'k ick 'k 'k 'k 'k ick 'k 'k ick 'k 'k’k'k'k'kit'k'k'k
DIMENSION PQ(21,21),I (21)
IF (SENSE SWITCH 4)10,50 
10 READ 2C,XL0AD,DIAM,THICK,NET,TMADV 
20 FORMAT(F7.1,F6.2,F6.3,I3.F6.3)
READ 120,IT
L=NET-1
XNET=L
XNET2=XNET*XNET 
DO 40 M=1,L 
XM=M 
Y=XM-1.
AJ=SQRTF(XNET2-Y*Y)+1.
J=AJ 
I(M)=J 
DO 40 N=1,J 
30 FORMAT(F10.3)
40 READ 30,PQ(M,N)
STRES=-4.*XL0AD*XNET/(3.14159*3.14159*THICK*DI AM) 
STRES=RY/3.14159 
GO TO ICC
50 READ 20,XLOAD.DIAM,THICK,NET,TMADV 
XLOAD =XLOAD*TMADV 
L=NET-1 
XNET=L
XNET2=XNET*XNET
RX=2.*XLOAD/(3.14159*THICK*DI AM)
RY=-4.*XLOAD*XNET/(3.14159*THICK*DI AM)
PQ(L,1)=RX+RY 
READ 30,ZZ
C PROGRAMME NUMBER TWO
Q •k’k 'k 'k ic k 'k 'k ’k 'k 'k 'k 'k- k 'k irk 'k 'k 'k
2 OU
DO 80 M=1,L 
XM=M 
Y=XM-1.
AJ=SQRTF(XNET2-Y*Y)+1.
J=AJ 
I(M)=J 
DO 80 N=1, J 
IF(M-L)70,6C,7C 
60 IF(N-1)7C,80,7C 
70 PQ(M,N)=ZZ 
80 CONTINUE 
90 IT=C 
IOC IT=lT+1
IF (SENSE SWITCH 1) 110,130 
11C PRINT 12C.IT 
120 FORMAT(I4)
130 M=L+1 
135 DO 280 KM=1,L 
M=M-1 
J=l(M)
DO 28C N=1,J 
IF(M-L)15C,14C,140 
14C IF(N-1)28C,280,145
145 I F(N-2)190,146,190
146 XM=M 
XN=N 
Y=XM-1.
X=XN-1.
B=SQRTF(XNET2-X*X)-Y 
B=SQRTF(XNET2-X*X)-Y 
A=B/(B+1.)
F=1./(B+1.)
PQ(M,N)=A*(PQ(M,N-1)*.5+STRES/B*F+PQ(M,N+1)*.5+PQ(M-1,N)*F) 
GO TO 280
150 I F(N-1)160,160,19C
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16c IF (M-1)170,17C,18C
170 PQ(M,N)=C.5*(PQ(M,N+1)+PQ(M+1,N))
GO TO 280
180 PQ(M,N)=C.25*(2.*PQ(M, N+1 )+PQ (M+1, N )+PQ (M-1, N ) )
GO TO 280
19C I F(M-1)20C,200,21C 
20C I F(N-NET)2C5,215,215
2C5 PQ (M, N )=C. 25*(PQ (M, N-1 )+2. *PQ (M+1, N)+PQ (M, N+1 ) )
GO TO 28C 
210 XM=M 
XN=N 
Y=XM-1.
X=XN-1.
B=SQRTF(XNET2-X*X)-Y 
IF(B)216,215,216
215 PQ(M,N)=0.
GO TO 280
216 C=SQRTF(XNET2-Y*Y)-X 
IF(B-1.)22C,220,230
220 I F(C—1,)240,240,250 
230 IF(C-1.)260,260,270 
240 A=B*C/(B+C)
PQ(M,N)=A*(PQ(M,N-1)/(1,+C)+PQ(M-1,N)/(B+1. ))
GO TO 280 
25C A=B/(B+1.)
PQ(M,N)=A*(PQ(M,N-1)*.5+PQ(M,N+1)*.5+PQ(M-1,N)/(B+1.)) 
GO TO 28C 
260 A=C/(C+1.)
PQ(M,N)=A*(PQ(M,N-1)/(1,+C)+PQ(M+1,N)*.5+PQ(M-1,N)*.5) 
GO TO 280
27C PQ(M,N)=C.25*(PQ(M,N-1)+PQ(M+1,N)+PQ(M,N+1)+PQ(M-1,N)) 
280 CONTINUE
I F (SENSE SWITCH 2)290,100
29C I F (SENSE SWITCH 3)320,300 
300 PUNCH 301,XL0AD
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301 FORMAT(10X17HDI SC LOAD 
PUNCH 302.DIAM
3C2 FORMAT(1CX17HDISC DIAMETER = 
PUNCH 303,THICK
303 FORMAT(1CX17HDISC THICKNESS = 
PUNCH 304,IT
3C4 FORMAT(10X17HNO OF ITERATIONS 
PUNCH 31C
31C FORMAT(1CX13H M N P+Q/) 
GO TO 325
320 PUNCH 20,XLOAD.DIAM,THICK,NET 
PUNCH 120.IT 
325 DO 360 M=1,L 
J = l (M)
DO 360 N=1,J
IF(SENSE SWITCH 3)350,330 
33C PUNCH 34C,M,N,PQ(M,N)
340 FORMAT(10X213.F1C.3)
GO TO 360
350 PUNCH 3C,PQ(M,N)
360 CONTINUE 
PRI NT 370
370 FORMAT(15HPAUSE - SET SS4//) 
PAUSE
IF(SENSE SWITCH 4)100,380 
380 STOP 
END
C DATA USED
36.0 2.03 C.22C 11 4.95
-5CC.C
F7.1,8h POUNDS) 
F8.2.7H INCHES) 
F8.2,7H INCHES)
= 1 k/)
,TMADV
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PROGRAMME NUMBER THREE
’k 'k 'k 'k i t ’k 'k ic k 'k J c 'k 'k 'k '& 'k J c 'k 'k ic k T k
C LAPLACE SO LU TIO N  FOR THE SYMMETRICAL WHEAT GRAINr ************************************************
DIMENSION PQ(26,16)
COMMON ITAPES,JTAPES 
REWIND 2 
DO 2 K=1,51
1 FORMAT(4F7.4)
READ 1, A , B , C , D
W R IT E  OUTPUT TAPE 2 , 1, A , B , C , D
2 CONTINUE
-  REWIND 2
I F ( S E N S E  SWITCH 4 ) 5,9
5 READ 6,IT,ZZ,XLOAD,THICK,HIGHT.WIDB
6 FORMAT(I4,2F8.1,F5.3,F6.2,F5.2)
W I D T = S Q R T F ( W ID B * W ID B + H I G H T * H IG H T )
RXT=2.*XLOAD*HIGHT**3/(3.l4l59*THICK*WIDT**4)
RYT=-2.*XLOAD*26.5/(3.14159*THICK*HIGHT)
STRST=RYT/3.14159
R X B = R X T * (W I  DB/Wf6HiT)**2
RYB=RYT+RXT
STRES=RXB+RYB
DO 8 M=1,26
READ 7,(PQ(M,N),N=1,8)
READ 7, (PQ(M.N),N=9,16)
7 FORMAT(8F9.2)
8 CONTINUE 
GO TO 35
9 READ 10.XL0AD,THICK,HIGHT,FRING,TMADV,WIDB 
10 FORMAT(F7.1,F5.3,2F6.2,F5.3,F5.2)
XLOAD=XLOAD*TMADV %
W ID T = S Q R T F ( W ID B * W ID B + H I G H T * H IG H T )
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RXT=2.*XL0AD*HIGHT**3/(3.l4l59*THICK*WIDT**4)
RYT =-2.*XL0AD*26.5/(3.14159*THICK*HIGHT)
STRST=RYT/3.14159 
PQ(1»1)=RXT+RYT 
RXB=RXT*(WIDB/WIDT)**2 
RYB=RYT+RXT 
STRES=RXB+RYB 
READ 2 0 , 1 1
20 FORMAT(F8.1)
DO 30 N=1,16 
DO 30 M=1,26
IF(M-1>21,21,23
21 IF(N-1)22,22,23
22 GO TO 30
23 PQ(M,N) =ZZ 
30 CONTINUE
35 READ 40,AM12.AM13,AM14,AM15,AM16,AM17,AM18,AM19,AM20 
40 FORMAT(9F8.2)
IF(SENSE SWITCH 4)50,45 
45 IT =C 
50 I T=lT+1
IF(SENSE SWITCH 1)60,80 
60 PRINT 70,IT 
70 FORMAT(14)
80 N=1
DO 90 M=2,11
90 PQ(M,N)=C.25*(2.*PQ(M,N+1)+PQ(M-1,N)+PQ(M+1,N))
M=12
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N)=G*(PQ(M,N+1)+PQ(M-1,N)*F+.75*AM12/D*F)
N=2
M=1
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N)=G*(PQ(M,N-1)*.5+STRST/B*F+PQ(M,N+1)*.5+PQ(M+1,N)*F) 
DO 100 M=2,12 6o¿
;
M=13
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N)=G*(AM13/A*E+PQ(M-1,N)*.5+PQ(M,N+1)*E+PQ(M+1,N)*.5)
M=l4
IOC PQ(M,N)=C.25*(PQ(M,N-1)+PQ(M-1,N)+PQ(M,N+1)+PQ(M+1,N))
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N)=G*(AMl4/A*E+PQ(M-1,N)*.5+PQ(M,N+1)*E+PQ(M+1,N)*.5)
M=15
CALL BOUND( A , B , C , D , E , F , G )
P Q ( M , N ) = G * ( A M 15/ A * E + P Q ( M -1, N ) * . 5+ P Q ( M , N +1) * E + P Q ( M +1, N ) * . 5 )
M=16
CALL BOUND( A , B , C , D , E , F , G )
PQ(M,N ) = G * (AMI6/A*E+PQ(M-1,N)*.5+PQ(M,N+1)*E+PQ(M+1,N)*.5)
M=17
CALL BOUND (A,B,C,D,E,F,G)
PQ(M,N)=G*(AM17/A*E+PQ(M-1,N)*.5+PQ(M,N+1)*E+PQ(M+1,N)*.5) 
M=18
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N)=G*(AM18/A*E+PQ(M-1,N)*.5+PQ(M,N+1)*E+PQ(M+1,N)*.5)
M=19
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N)=G*(AM19/A*E+PQ(M-1,N)*.5+PQ(M,N+1)*E+PQ(M+1,N)*.5)
M=2C
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N)=G*(AM20/A*E+PQ(M-1,N)*.5+PQ(M,N+1)*E+PQ(M+1,N)*.5)
DO 105 M=21,22
CALL BOUND(A,B,C,D,E,F,G)
105 PQ(M,N)=G*(PQ(M-1,N)*.5+PQ(M,N+1)*E+PQ(M+1,N)*.5)
M=23
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N)=G*(PQ(M-1,N )*F+PQ(M,N+1)*E)
N=3
M=1
CALL BOUND (A,B,C,D,E,F,G)
PQ(M,N)=G*(PQ(M,N-1)*.5+PQ(M,N+1)*.5+PQ(M+1,N)*F) 0
 V
à
DO 110 M=2,23
110 PQ(M,N)=C.25*(PQ(M,N-1)+PQ(M-1,N)+PQ(M,N+1)+PQ(M+1,N)) 
M=24
CALL BOUND(A,B,C,D,E,F,G)
PQ (M,N)=G*(PQ(M-1,N) *F+PQ (M,N+1)*E)
N=4
M=1
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N )=G*(PQ(M,N-1)*.5+PQ(M,N+1)*.5+PQ(M+1,N)*F)
DO 120 M=2,24
120 PQ (M, N )=C.25*(PQ(M,N-1)+PQ(M-1,N)+PQ(M,N+1)+PQ(M+1,N)) 
M=25
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N)=G*(PQ(M-1f N)*F+PQ(M,N+1)*E)
N=5
M=1
CALL BOUND(A,B,C,D,EfF,G)
PQ(M,N)=G*(PQ(M,N-1)*.5+PQ(M,N+1)*.5+PQ(M+1,N)*F)
DO 130 M=2,24
130 PQ(M,N)=0.25*(PQ(M,N-1)+PQ(M-1,N)+PQ(M,N+1)+PQ(M+1,N)) 
M=25
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N)=G*(PQ(M,N-1)*.5+PQ(M-1,N)*F+PQ(M,N+1)*.5)
N=6
M=1
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N)=G*(PQ(M,N-1)*.5+PQ(M,N+1)*.5+PQ(M+1,N)*F)
DO l4c M=2,25
14C PQ(M,N)=C.25*(PQ(M,N-1)+PQ(M-1,N)+PQ(M,N+1)+PQ(M+1,N)) 
M=26
CALL BOUND(A,B,C,D,E,F,G)
PQ (M, N ) =G* ( PQ (M-1, N ) *F+PQ (M, N+1 ) *E )
N=7
M=2
CALL BOUND (A,B,C,D,E,F,G)
211
DO 150 M=3,25
150 PQ(M,N)=C.25*(PQ(M,N-1)+PQ(M-1,N)+PQ(M,N+1)+PQ(M+1,N)) 
M=26
CALL BOUND(A,B,C,D,E,FfG)
PQ(M,N)=G*(PQ(M,N-1)*.5+PQ(M-1,N)*F+PQ(M,N+1)*.5)
N=8
M=2
CALL BOUND(A,B,C,D,E,F,G) 
PQ(M,N)=G*(PQ(M,N-1)*E+PQ(M+1,N)*F)
DO 160 M=3,25
16C PQ(M,N)=C.25*(PQ(M,N-1)+PQ(M-1,N)+PQ(M,N+1)+PQ(M+1,N)) 
H=26
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N)=G*(PQ(M,N-1)*E+PQ(M-1,N)*F+STRES/C*E+STRST/D*F)
N=9
M=3
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N)=G*(PQ(M,N-1)*E+PQ(M+1,N)*F)
DO 170 M=^,25
170 PQ(M,N)=C.25*(PQ(M,N-1)+PQ(M-1,N)+PQ(M,N+1)+PQ(M+1,N)) 
M=26
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N)=G*(STRES/A*E+PQ(M-1,N)*F+PQ(M,N+1)*E+STRST/D*F)
N=10
M=4
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N)=G*(PQ(M,N-1)*E+PQ(M+1,N)*F)
DO 180 M=5,25
18C PQ(M,N)=C.25*(PQ(M,N-1)+PQ(M-1,N)+PQ(M,N+1)+PQ(M+1,N)) 
M=26
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N)=G*(PQ(M,N-1)*.5+PQ(M-1,N)*F+PQ(M,N+1)*.5)
N=11 
M=5
PQ(M,N)=G*(PQ(M,N-1)*.5+PQ(M,N+1)*.5+PQ(M+1,N)*F)
212
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N )=G*(PQ(M,N-1)*E+PQ(M+1,N)*F)
DO 190 M=6,25
190 PQ(M,N)=G.25*(PQ(M,N-1)+PQ(M—1,N)+PQ(M,N+1)+PQ(M+1,N)) 
M=26
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N)=G*(PQ(M,N-1)*E+PQ(M-1,N)*F)
N=12 
M=6
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N)=G*(PQ(M,N-1)*E+PQ(M+1,N)*F)
DO 20C M=7,2k
200 PQ(M,N)=C.25*(PQ(M,N-1)+PQ(M-1,N)+PQ(M,N+1)+PQ(M+1,N)) 
M=25
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N)=G*(PQ(M,N-1)*.5+PQ(M-1,N)*F+PQ(M,N+1)*.5)
N=13
M=7
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N)=G*(PQ(M,N-1)*E+PQ(M+1,N)*F)
M=8
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N)=G*(PQ(M,N-1)*E+PQ(M-1,N)*.5+PQ(M+1,N)*.5)
DO 21C M=9,24
21C PQ(M,N)=C.25*(PQ(M,N-1)+PQ(M-1,N)+PQ(M,N+1)+PQ(M+1,N)) 
M=25
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N)=G*(PQ(M,N-1)*E+PQ(M-1,N)*F)
N=14
M=9
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N)=G*(PQ(M,N-1)*E+PQ(M+1,N)*F)
M=1C
CALL BOUND(A,B,C,D,E,F,G)
PQ(M,N)=G*(PQ(M,N-1)*E+PQ(M-1,N)*.5+PQ(M+1,N)*.5)
213
DO 22C M=11,22 
22C PQ(M,N)=0.25*(PQ(M, 
M=23
CALL BOUND(A,B,C,D 
PQ(M, N )=»G*(PQ(M,N- 
H=2k
CALL BOUND(A, B,C,D 
PQ(M,N)=G*(PQ(M,N- 
N=15 M=11
CALL BOUND(A,B,Cf D 
PQ(M,N)=G*(PQ(M, N- 
M=12
CALL BOUND(A,B,CfD 
PQ(M,N)=G*(PQ(M, N- 
M=13
PQ(M,N)=C.25*(PQ(M 
DO 23C M=l4,20 
230 PQ(M,N)=0.25*(PQ(M 
M=21
CALL BOUND(A,B,C,D 
PQ(M,N)=G*(PQ(M,N- 
M=22
CALL BOUND(A,B,C,D
PQ(M,N)=G*(PQ(M,N-
N=16
M=1*t
CALL BOUND(A, B,C,D 
PQ(M,N)=G*(PQ(M,N- 
DO 235 M=15,19 
CALL BOUND(A,B,C,D 
235 PQ(M,N)=G*(PQ(M,N- 
M=20
CALL BOUND (A,B,C,D 
PQ(M,N)=G*(PQ(M, N-
E , F , G )
) * E + P Q ( M - 1 , N ) * . 5 + P Q ( M + 1 , N ) * . 5 )  
E , F , G )
) * E + P Q ( M - 1 , N ) * F )
N-1)+PQ(M-1,N)+PQ(M,N+1)+PQ(M+1,N))
E,F,G)
)*E+PQ(M+1,N)*F)
E,F,G) 
)*E+PQ(M-1
N-1)+PQ(M-
N-1)+PQ(M-
,N)*.5+PQ(M+1,N)*.5)
1,N)+PQ(M+1,N))
1,N ) + P Q ( M , N + 1 ) + P Q(M+1,N ) )
E,F,G)
) * E + P Q ( M - 1 , N ) * . 5+ PQ (M +1 , N ) * . 5 )  
E , F , G )
)*E+PQ(M-1, N)*F)
E , F , G )
) * E + P Q ( M + 1 , N ) * . 5 )
E , F , G )
) * E + P Q ( M - 1 , N ) * . 5 +P Q (M +1 , N ) * . 5 )
E F G )
) ^ E + P Q ( M - 1 , N ) * F ) tí
REWIND 2
IF(SENSE SWITCH 2)240,5C 
240 IF(SENSE SWITCH 3)250,260 
250 PUNCH 6,IT,ZZ,XLOAD,THICK,HIGHT,WIDB 
DO 255 M=1,26 
PUNCH 7,(PQ(M,N),N=1,8)
PUNCH 7,(PQ(M,N),N=9,16)
255 CONTINUE
PUNCH 4C,AM12,AM13,AM14,AM15,AM16,AM17,AM18,AM19,AM2C 
GO TO 290
260 PUNCH 261,XLOAD
261 FORMAT(1CX15HAPPLI ED LOAD = F8.1,7H POUNDS/)
PUNCH 262,IT
262 FORMAT(1CX17HN0 OF ITERATI0NS=l4/)
PUNCH 263
263 FORMAT(10X13H M N P+Q/)
DO 280 M=1,26
DO 280 N=1,16 
IF(PQ(M,N)-ZZ)265,280,265 
265 PUNCH 270,M,N,PQ(M,N)
270 FORMAT(10X213,F10.3)
280 CONTINUE 
29C PRINT 291
291 FORMAT(15HPAUSE - SET SS4//)
PAUSE
IF(SENSE SWITCH 4)50,300 
3CC STOP 
END
SUBROUTINE B O U N D ( A A , B B , C C , D D , E E , F F , G G )  
COMMON I T A P E S ,J T A P E S  
READ INPUT TAPE 2 , 1 0 0 0 , A A , B B , C C , D D  
1 0 0 0  F O R M A T ( 4 F 7 . 4 )
EE= 1 . / (A A + C C )
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END
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APPENDIX 9
TABLES OF RESULTS PERTAINING TO SECTION k
Includes Tables A11 to A18
TABLE All - THEORETICAL ANALYSIS OF THE DISC
'k 'k 'k 'k 'k 'k 'k ’k 'k jrk 'k 'k 'k jc jc 'k - fc 'k 'k 'k 'te 'k 'k -k 'k 'k f t irk 'k -k ic k 'k -k ic k ic k 'k 'k 'k 'k
COMPUTER OUTPUT - 10 X 10 NETWORK
Jrk&'kit'k'k'k'k'k'ic'kJt'k'k'k-kJtit'kli'kit'k'k'fc'k'k-k'k'k'k’k
DISC LOAD = 178.2 POUNDS 
DISC DIAMETER = 2.C3 INCHES 
DISC THICKNESS = C.22 INCHES
N RX RY TXY
1 1 254.02 -762.06 0.0
1 2 244.06 -742.04 0.0
1 3 216.44 -685.41 0.0
1 it 177.05 -601.20 0.0
1 5 133.20 -501.09 O.C
1 6 91.45 -396.27 O.C
1 7 56.25 -295.33 C.C
1 8 29.76 -203.65 C.O
1 9 12.24 -123.76 0.0
1 1C 2.80 -56.13 C.O
2 1 254.02 -772.33 0.0
2 2 243.47 -751.10 19.90
2 3 214.40 -691.36 35.23
2 4 173.46 -603.34 43.29
2 5 128.63 -499.88 43.94
2 6 86.74 -392.83 38.93
2 7 52.15 -290.87 30.73
2 8 26.70 -199.11 21.55
2 9 10.34 -119.71 12.89
2 10 1.96 -52.82 5.53
3 1 254.02 -804.40 0.0
3 2 241.50 -779.19 42.16
3 3 2Ç7.73 -709.31 73.84
3 4 161.94 -6C9.12 89.29
3 5 114.31 -495.34 88.91
P Q P+Q P-Q
254.02 -762.06 -508.04 1016.08
244.06 -742.04 -497.98 986.10
216.44 -685.41 -468.96 901.85
177.05 -601.20 -424.15 778.25
133.20 -501.09 -367.89 634.30
91.45 -396.27 -304.83 487.72
56.25 -295.33 -239.08 351.59
29.76 -203.65 -173.89 233.41
12.24 -123.76 -111.52 136.00
2.80 -56.13 -53.33 58.93
254.02 -772.33 -518.31 1026.35
243.86 -751.50 -507.64 995.36
215.77 -692.73 -476.96 908.50
175.86 -605.74 -429.88 781.60
131.68 -502.94 -371.25 634.62
89.88 -395.97 -306.09 485.85
54.89 -293.60 -238.71 348.49
28.74 -201.15 -172.41 229.88
11.60 -120.97 -109.37 132.57
2.52 -53.38 -50.86 55.89
254.02 -804.4C -550.38 1058.42
243.24 -780.93 -537.69 1024.17
213.64 -715.22 -501.58 928.85
172.14 -619.33 -447.18 791.47
127.01 -508.04 -381.03 635.05
c
c
TABLE All - CONTINUED
Irk'k'k ie 'k'k'k'k'krk'k'k'k'k'k ’k ' k lc ie ’k
M N RX RY TXY
3 6 72.38 -381.74 77.17
3 7 39.97 -277.05 59.61
3 8 17.86 -185.37 40.76
3 9 5.07 -107.66 23.49
3 1C -0.10 -43.11 9.12
4 1 254.02 -862.55 0.0
4 2 237.51 -829.23 69.87
4 3 194.55 -739.27 119.87
4 4 140.12 -616.27 140.71
4 5 88.47 -484.55 135.34
4 6 47.79 -360.77 113.24
4 7 20.24 -252.76 84.15
4 8 4.48 -162.29 54.98
4 9 -2.C8 -88.05 29.44
4 10 -2.02 -27.68 8.93
5 1 254.02 -955.60 C. 0
5 2 229.92 -906.78 107.94
5 3 17C.7C -780.35 178.83
5 4 103.31 -619.61 199.87
5 5 48.33 -461.99 181.93
5 6 12.81 -326.32 143.82
5 7 -5.24 -216.67 ICC.68
5 8 -10.77 -130.11 61.08
5 9 -8.41 -61.94 28.47
5 10 -1.43 -7.83 3.45
6 1 254.02 -1100.76 O.C
6 2 214.95 -1021.11 165.51
6 3 127.39 -828.06 258.45
6 4 43.73 -608.47 266.98
6
6 I - 3 0 ' M
-418.98
-274.34
223.50
162.57
P Q P+Q P-Q
85.1^ -394.50 -309.36 479.64
50.8C -287.89 -237.09 338.69
25.73 -193.24 -167.51 218.97
9.77 -112.36 -102.59 122.13
1.75 -44.96 -43.21 46.72
254.02 -862.55 -608.53 1116.58
242.07 -833.79 -591.72 1075.85
209.69 -754.42 -544.72 964.11
165.44 —641.6C -476.15 807.04
118.82 -514.91 -396.08 633.73
77.08 -390.06 -312.98 467.13
44.10 -276.62 -232.52 320.72
20.97 -178.78 -157.81 199.75
7.03 -97.16 -90.13 104.20
0.78 -30.48 -29.70 31.26
254.02 -955.60 -701.58 1209.62
240.08 -916.94 -676.85 1157.02
203.22 -812.87 -609.65 1016.08
154.89 -671.19 -516.30 826.08
106.55 -520.21 -413.66 626.76
65.59 -379.10 -313.51 444.69
35.04 -256.94 -221.90 291.98
14.94 -155.83 -140.89 170.77
3.91 -74.25 -70.34 78.16
0.07 -9.34 -9.26 9.41
254.02 -1100.76 -846.74 1354.78
236.73 -1042.89 -806.16 1279.62
192.82 -893.49 -700.67 1086.31
139.08 -703.83 -564.75 842.91
89.49 -517.22 -427.73 6O6 . 7 1
50.80 -355.63 -304.83 406.43
220
c
c
TABLE A11 - CONTINUED
'k 'k 'k ic irk 'k ic 'k 'k 'k ic 'k J rk 'k 'k J c ic k 'k
M N RX RY TXY
6 7 -32.01 -168.35 104.126 8 -23.C2 -90.34 55.78
6 9 -9.62 -31.45 18.79
7 1 25if.C2 -1333.61 C.O
7 2 182. if7 -1186.11 261.58
7 3 if 5.99 -866.68 367.95
7 4 -if9.C3 -562.54 334.62
7 5 -81.08 -344.77 247.21
7 6 -73.9^ -202.94 159.42
7 7 -5C.85 -110.28 88.85
7 8 -2if.if8 -46.63 36.818 1 25if.C2 -1738.30 C.O
8 2 100.58 -1414.48 439.78
8 3 -110.74 -848.39 506.908 if -178.1C —450.42 373.778 5 -151.01 -233.77 229.508 6 -97.49 -117.79 123.318 7 -46.37 -50.03 52.078 8 -5.03 -5.24 5.18
9 1 254.02 -2568.43 C.C
9 2 -153.28 -1652.22 797.28
9 3 -384.43 -656.43 604.45
9 if -294.51 -253.67 316.21
9 5 -165.07 -103.89 146.26
9 6 -66.8C -37.56 53.251C 1 254.02 -5093.79 0.01C 2 -1016.82 -1282.00 1256.11
1C 3 -561.74 -210.76 378.901C if -209.56 -51.32 112.221C 5 -38.11 -8.73 18.70
P Q
24.27 -224 .638.47 -121 .82
1.20 -42 .26
25k.02 -1333 .61
23C .76 -1234 .41
175.86 -996 .54
115.99 -727 .55
67.24 -493 .10
33 .54 -310 .42
13.12 -174 .252.88 -74.00
254.02 -1738 .30
218 .98 -1532 .88
147 .32 -1106.45
83 .54 -712 .05
ko.81 -425 .5916.08 -231 .37
3.91 -100 .31C.05 -10 .31
254.02 -2568 .43
191 .49 -1997 « 00
99.13 -1140 .0042 .78 -590 .96
14.94 -283 .91
3.04 -107 .40254.02 -5093 .79
113.68 -2412 .50
31 .32 -803 .826.87 -267 .75
nU .36 -47 .21
P+Q P-Q
-200.36 248.90
-113.35 130.29-41.06 43.45
-1079.59 1587.63-1003.64 1465.17-820.68 1172.40
-611.57 843.54-425.86 560.34
-276.89 343.96-161.14 187.37
-71.11 76.88-1484.28 1992.32
-1313.90 1751.87
-959.13 1253.77-628.52 795.59-384.78 466.40
-215.28 247.45
-96.40 104.21
-10.26 10.37-2314.41 2822.45
-1805.50 2188.49
-1C4C.87 1239.13-548.18 633.73-268.96 298.85-104.36 110.43
-4839.77 5347.81-2298.82 2526.17-772.50 835.14
-260.89 274.62-46.85 47.56
221
o 
o 
o 
o
222
TABLE A12 - LAPLACE SOLUTION FOR THE DISC*****************************************
COMPUTER OUTPUT - IO X 1C NETWORK*********************************
DISC LOAD = 178.2 POUNDS
DISC DIAMETER = 2.03 INCHES
DISC THICKNESS = 0.22 INCHES
NO OF ITERATIONS = 300
M N P+Q
1 1 -513.6if 51 2 -503.112
1 3 -if72.8771 if -if26.56if
1 5 -368.9671 6 -30if.9i*51 7 -238.6751 8 —173.32if
1 9 -111.0281 1C -53.0511 11 0.0
2 1 -52if.1792 2 -512.962
2 3 -480.9162 if -if32.2C6
2 5 -372.1792 6 -306.068
2 7 -238.2172 8 -171.796
2 9 -108.8682 10 -50.588
3 1 -557.145
3 2 -543.6ifC
3 3 -505.617
3 if —449.166
3 5 -381.473
3 6 -308.932
3 7 -236.326
3 8 -166.777
3 9 -102.058
3 10 -42.9754 1 -617.1194 2 -598.835if 3 -548.746if if -477.367if 5 -395.615if 6 -311.861if 7 -231.376
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C TABLE A12 - CONTINUED0 ititJc'k'k'ki'ck'fc'k'kJrk'k'kit-k'kirkie
M N P+Q
9 7 C.C1C 1 -4826.3971C 2 -2237.846
1C 3 -8C7.578
1C 4 -273.782
1C 5 -48.937
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TABLE AtU - BREAKDOWN OF ERROR FREQUENCY FOR TABLE A1 3.
Error Less, Than No of Points %age of Total
± 1# 58 67.50
± 2% 18 21.00
+ 3% u U .60
± b% 1 1 . 1 5
± 5% Í+.60
+ 6% - -
± 7% — -
± 1 1.15
Totals 86 100$
o 
o 
o 
o
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TABLE A 15 - LAPLACE SOLUTION FOR THE DISC
'k'k'k'k'k'k'k-k'fc'k-k’k'k'irkJck-k'k-k'kiiic'k'k'k'k'k'k'k'k'kie'kie'kii'k'k'kie
COMPUTER OUTPUT - 2C X 2C NETWORK
'k 'k J e 'k 'k - k 'k l c k 'k i r k - k 'k i r k i c i r k ’k 'k 'k 'k 'k i c 'k ic k 'k 'k 'k - k 'k
DISC LOAD =
DISC DIAMETER = 
DISC THICKNESS = 
NO OF ITERATIONS=
178.2 POUNDS 
2.03 INCHES 
C.22 INCHES
530
1 N P+Q
1 1 -510.325
1 2 -507.754
1 3 -500.129
1 if -487.678
1 5 -470.765
1 6 -449.859
1 7 -425.505
1 8 -398.293
1 9 -368.823
1 10 -337.679
1 11 -305.408
1 12 -272.5C9
1 13 -239.416
1 14 -2C6.5C1
1 15 -174.073
1 16 -142.377
1 17 -111.606
1 18 -81.900
1 19 -53.360
1 20 -26.049
1 21 0.0
2 1 -512.887
2 2 -510.278
2 3 -502.538
2 if -489.906
2 5 -472.758
2 6 -451.579
2 7 -426.931
2 8 -399.420
2 9 -369.657
2 1C -338.239
2 11 -305.721
2 12 -272.603
2 13 -239.325
2 14 -206.257
2 15 -173.705
2 16 -141.914
2 17 -111.072
2 18 -81.317
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C TABLE A15 - CONTINUED
Q 'k'k'k'kic'kic’k'k'k'k'k’k-k'k'k'k'k'kirk
M N P+Q
2 19 -52.7462 20 -25.417
3 1 -520.646
3 2 -517.916
3 3 -509.824
3 it -496.635
3 5 -478.767
3 6 -456.754
3 7 -431.209
3 8 -402.785
3 9 -372.136
3 10 -339.889
3 11 -306.623
3 12 -272.850
3 13 -239.CI6
3 14 -205.489
3 15 -172.571
3 16 -140.498
3 17 -109.448
3 18 -79.549
3 19 -50.886
3 20 -23.511it 1 -533.843it 2 -53C.901
it 3 -522.192it 4 -5C8.03C
it 5 -488.907it 6 -465.447
it 7 -438.353it 8 -408.362
it 9 -376.201it 1C -342.549
it 11 -3C8.C21
it 12 -273.152
it 13 -238.391it 14 -204.106
it 15 -170.587it 16 -138.054
it 17 -1C6.669it 18 -76.541
it 19 -47.738it 2C -20.295
5 1 -552.9CC
5 2 -549.638
5 3 -539.997
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C TABLE A15 - CONTINUEDC 'k'k'k'k'k'k'iĉ'k'k-k'k'k'k'k-k'k-k'k'k'k
M N P+Q
7 9 -396.4777 1C -354.722
7 11 -313.110
7 12 -272.24C
7 13 -232.552
7 14 -194.347
7 15 -157.816
7 16 -123.065
7 17 -90.138
7 18 -59.031
7 19 -29.7C6
7 20 -2.1058 1 -653.1078 2 -647.8608 3 -632.4868 4 -607.9938 5 -575.8648 6 -537.824
8 7 -495.6268 8 -450.888
8 9 -404.9948 10 -359.0538 11 -313.9038 12 -270.143
8 13 -228.1688 14 -188.216
8 15 -15C.4C48 16 -114.766
8 17 -81.2738 18 -49.858
8 19 -20.430
9 1 -7C5.251
9 2 -698.756
9 3 -679.815
9 4 -649.913
9 5 -611.176
9 6 -565.995
9 7 -516.700
9 8 -465.334
9 9 -413.548
9 1C -362.582
9 11 -313.299
9 12 -266.253
9 13 -221.7559 14 -179.938
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C TABLE A15 - CONTINUEDC 'k'k'kickirk'k'k'kit'k'k'k'k'kick'k'k’k
M N P+Q
9 15 -140.815
9 16 -1C4.3179 17 -70.326
9 18 -38.696
9 19 -9.27010 1 -770.366
10 2 -762.08710 3 -738.09210 4 -700.654
1C 5 -652.91910 6 -598.270
10 7 -539.8341C 8 -480.189
10 9 -421.27410 10 -364.41910 11 -310.452
10 12. -259.810
10 13 -212.65410 14 -168.962
10 15 -128.5981C 16 -91.360
10 17 -57.0171C 18 -25.330
11 1 -852.019
11 2 -841.122
11 3 -809.802
11 4 -761.682
11 5 -701.563
11 6 -634.322
11 7 -564.16711 8 -494.306
11 9 -426.92911 10 -363.362
11 11 -3C4.27311 12 -249.87311 13 -200.084
11 14 -154.65511 15 -113.251
11 16 -75.504
11 17 -41.05011 18 -9.541
12 1 -955.45112 2 -940.56912 3 -898.30012 4 -834.699
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C TABLE Al5 - CONTINUED
C Jc'k’k 'k 'k 'k 'k ic k 'k ic k 'k 'k 'k ’k l t ' t c k i r k
M N P+Q
12 5 -757.32012 6 -673.27912 7 -588.19812 8 -5C5.930
12 9 -428.76812 10 -357.820
12 11 -293.39712 12 -235.322
12 13 -183.14912 14 -136.320
12 15 -94.24412 16 -56.35512 17 -22.136
13 1 -1088.633
13 2 -1067.393
13 3 -1008.119
13 4 -921.485
13 5 -819.728
13 6 -713.269
13 7 -609.407
13 8 -512.441
13 9 -424.384
13 10 -345.747
13 11 -276.170
13 12 -214.861
13 13 -160.868
13 14 -113.228
13 15 -71.048
13 16 -33.534
13 17 0 n u«v/14 1 -1264.280
14 2 -1232.24314 3 -1145.288
14 4 -1023.38514 5 —886.83114 6 -750.65314 7 -623.71214 8 -510.036
14 9 -410.57514 10 -324.608
14 11 -250.66914 12 -187.082
14 13 -132.231
14 14 -84.67514 15 -43.184
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C TABLE A15 - CONTINUED
C ’k ’k 'k 'fc 'k 'k 'k 'k 'k lc 'k 'k ic 'k ic 'k 'k -k jc 'k 'k
M N P+Q
18 3 -2070.96018 4 -1434.941
18 5 -974.24218 6 -656.16718 7 -436.98018 8 -283.058
18 9 -172.21618 10 -90.104
18 11 -27.616
19 1 -5159.690
19 2 -3719.464
19 3 -2239.343
19 4 -1314.035
19 5 -776.411
19 6 -459.066
19 7 -263.027
19 8 -134.789
19 9 -47.03420 1 -9906.8152C 2 -4661.598
20 3 -1852.91220 4 -805.442
20 5 -358.2972C 6 -140.660
20 7 -21.270
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TABLE A17 - BREAKDOWN OP ERROR FREQUENCY FOR TABLE A16.
Error Less Than No of Points %age of Total
± 1% 313 9U.6
± 2% 9 2.7
+ 3# 3 0.9
Hh l±% 3 0.9
± 5# \ 0.3
± 6# 1 0.3
+ 7% 1 0.3
Totals 331 100#
o 
o 
o 
o
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TABLE A18 - LAPLACE SOLUTION FOR THE SYMMETRICAL
WHEAT GRAIN - COMPUTER OUTPUT
'k-k'k'k'k'kic'k'k^kic'k'kicick'k'k'k^'kic'kic'^'kicirk
APPLIED LOAD = 198.0 POUNDS
NO OF ITERATIONS= 300
M N P+Q
1 1 -55^.250
1 2 -2552.814
1 3 -948.094
1 it -376.707
1 5 - 1 3 4 . 6 2 6
1 6 -17.063
2 1 -2866.439
2 2 -2045.470
2 3 -1203.212
2 it -684.579
2 5 -384.030
2 6 -2C4.329
2 7 -86.918
2 8 -10.263
3 1 -1830.568
3 2 -1559.416
3 3 -1134.707
3 it -774.367
3 5 -512.587
3 6 -329.304
3 7 -199.179
3 8 -1C5.C21
3 9 -32.935
it 1 -1336.999
4 2 -1226.921
4 3 -1CC1.831
it -765.597
4 5 -562.647
4 6 -401.121
4 7 -275.474
4 8 -177.706
4 9 -100.229
b 1C -37.825
5 1 -1063.588
5 2 •-1009.438
5 3 -880.102
5 b -723.541
5
5 i
-571.284
-437.059
2 U 6
C TABLE A18 - CONTINUEDC *********************
M N P+Q
5 7 -323.892
5 8 -230.ICC
5 9 -152.450
5 1C -87.895
5 11 -34.120
6 1 -898.480
6 2 -867.140
6 3 -785.600
6 4 -677.182
6 5 -561.890
6 6 -451.941
6 7 -352.933
6 8 -266.351
6 9 -191.579
6 10 -127.185
6 11 -71.442
6 12 -22.040
7 1 -796.055
7 2 -775.042
7 3 -717.975
7 4 -637.698
7 5 -547.152
7 6 -455.883
7 7 -369.549
7 8 -29C.792
7 9 -220.329
7 10 -157.823
7 11 -102.424
7 12 -53.096
7 13 -9.400
8 1 -735.657
8 2 -719.CC0
8 3 -673.560
8 4 -608.484
8 5 -533.139
8 6 -454.890
8 7 -378.589
8 8 -306.941
8 9 -241.122
8 10 -181.355
8 11 -127.334
8 12 -78.522
8 13 -34.397
9 1 -7C8.573
9 2 -691.741
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C TABLE A18 - CONTINUED
C 'k'k'fc'kit'k'kirk'krk'k'k'kft'klcic'kick
M N P+Q
9 3 -648.784
9 4 -589.538
9 5 -522.031
9 6 -451.950
9 7 -382.977
9 8 -317.260
9 9 -255.863
9 1C -199.142
9 11 -147.035
9 12 -99.261
9 13 -55.441
9 14 -15.053
10 1 -715.155
1C 2 -690.607
1C 3 -640.296
10 4 -578.856
10 5 -513.496
10 6 -447.901
1 H1 V/ 7 -384.11C
10 8 -323.260
10 9 -265.927
1C 10 -212.316
10 11 -162.404
10 12 -116.047
10 13 -73.051
10 14 -33.215
11 1 -770.832
11 2 -715.239
11 3 -642.937
11 4 -572.094
11 5 -5C5.197
11 6 -442.050
11 7 -382.300
11 8 -325.745
11 9 -272.271
11 10 -221.790
11 11 -174.216
11 12 -129.473
11 13 -87.501
11 14 -48.292
11 15 -11.971
12 1 -937.698
12 2 -756.578
12 3 -644.120
12 4 -561.388
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C TABLE A18 - CONTINUEDC •k'kic'k-k-k'k'k'kJrk'k'k-k-k-k'k'k’k'k-k
M N P+Q
18 8 -313.24318 9 -293.20218 10 -263.764
18 11 -226.81718 12 -185.C2518 13 -141.03218 14 -96.96518 15 -54.26018 16 -13.678
19 2 -199.916
19 3 -237.491
19 4 -270.125
19 5 -297.55C
19 6 -318.391
19 7 -329.998
19 8 -329.115
19 9 -313.514
19 1C -283.742
19 11 -243.161
19 12 -196.282
19 13 -147.186
19 14 -98.798
19 15 -52.871
19 16 -10.2142C 2 -129.16520 3 -187.356
20 4 -237.681
20 5 -282.630
20 6 -321.188
20 7 -349.03120 8 -359.703
20 9 -347.99720 1C -314.530
20 11 -265.802
20 12 -209.758
20 13 -152.63C20 14 -98.172
20 15 -48.21020 16 -3.876
21 2 -71.88521 3 -145.08821 4 -210.614
21 5 -274.100
21 6 -334.700
21 7 -385.23521 8 -412.670
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C TABLE A18 - CONTINUED
Q 'k’k'k'k'kic'kirk'k'kJeJck'k'ick'kjc'k'k
M N P+Q
21 9 -404.24221 1C -360.57921 11 -295.758
21 12 -224.316
21 13 -155.40621 14 -93.05021 15 -37.92022 2 -4C.482
22 3 -110.49622 4 -185.586
22 5 -268.45822 6 -358.278
22 7 -444.53822 8 -501.49922 9 -495.72022 1C -427.78722 11 -332.33522 12 -236.341
22 13 -151.62922 14 -80.702
22 15 -22.406
23 2 -5.9C3
23 3 -70.828
23 4 -152.776
23 5 -255.867
23 6 -385.416
23 7 -533.14C
23 8 -653.07C
23 9 -649.353
23 10 -522.515
23 11 -369.454
23 12 -237.086
23 13 -134.065
23 14 -55.724
2b 3 -14.137
2b 4 -98.822
2b 5 -216.818
2b 6 -394.379
2b 7 -649.537
2b 8 -928.286
2b 9 -926.107
2b 1C -643.464
2b 11 -385.880
2b 12 -208.482
2b 13 -91.823
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